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Spécialité : Biomécanique et ingénierie pour la santé
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et (c) débit pulsatile [89]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

B.5 Inlet blood flow profile at f = 1.25 [83] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
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B.7 Schéma du modèle de stent 3D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

XI



List of Figures
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B.10 Modèle géométrique 2D d’artère avec stent à élution de médicament (mm) . . . . . . . . . 142

B.11 Banc d’essai . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
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Introduction

Cardiovascular disease has occupied 1/3 deaths in developing and developed countries. Atherosclerosis

is one of the most serious and common forms of cardiovascular disease caused by the accumulation of fatty

deposits, cholesterol, and calcified materials in arterial wall, especially in coronary artery. Based on the

clinical statistics, coronary artery is more prone to form stenosis compared to most of the other arteries.

Any disorder or disease of coronary artery can cause one in dangerous condition with a heart attack or

stroke. As a consequence of atherosclerosis, the narrowed artery is developed leading to reduction of

blood supply to heart (myocardial ischemia), lack of oxygen (hypoxia) or cell damage (necrosis). Thus

confronting this huge threat to our lives, several effective treatments have been developed and utilised in

practice through tremendous efforts of researchers such as balloon angioplasty, bare metal stent (BMS)

and drug-eluting stent (DES). However, the follow-up complications still require the optimizations of the

current treatments. Balloon angioplasty was developed as the first non-surgical procedure to enlarge the

obstructed arteries commonly followed by the restenosis in response to the vessel wall injury caused by

balloon expansion. BMS improved the clinical outcomes by reducing the restenosis rate but still of more

than 20% through positioning a inflated metal mesh at the blockage site. In an attempt to reduce this

rate further, DES was put forward with the BMS coated by anti-proliferative drugs. The incidence of

in-stent restenosis was reduced to less than 5% through the inhibition of intima proliferation. However,

the late thrombosis followed can cause a sudden occlusion of an artery. Thus confronting the two major

causes (restenosis and thrombosis) of stent failure, having a thorough understanding of pathology and

mechanisms of disease occurrence is highly necessary currently.

Blood as a type of biofluid owns quite complicated physical and hemodynamic properties especially

in the artery with irregular diameters, curvatures and even bifurcations. Stenosis and stent are both

considered to be the geometrical singularities of artery resulting in the flow disturbance. Low shear rate

is found to benefit the proliferation of muscle cells in artery wall especially at the recirculation regions

upstream and downstream the strut. The variations of hemodynamic parameters have been commonly

focused and used to predict the potential disease sites in the existing studies. Moreover, the alterations of

hemodynamics are greatly related to the arterial geometrical singularities such as the presence of stent.

In addition to the human factors, the stent performance is strongly related to the implanting ways taken

by cardiologist, the geometrical designs of stent and even the pharmaceutical principle in the case of

DES.

Based on the current state of knowledge related to this subject, great efforts are still needed to master

the internal mechanisms and improve the stent performance as a number of questions keeps open and

need to be resolved. Thus the present study is put forward aiming to acknowledge the hemodynamics

in the human body and avoid the alterations caused by the sent. The active stent has been concerned

as well. Specific interest has been given to the mass transfer from polymer into lumen and tissue. The

research works achieved during this thesis have been displayed as follows:

- Numerical and mathematical modeling establishment followed by the preliminary study: effects

on flow topology and hemodynamic variations caused by arterial geometrical singularities: arterial

bifurcation and tortuosity. The potential sites and orientation of stenosis development affected
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by the specific arterial geometrical singularity have been evaluated. In order to have a direct

guidance to clinical treatment from numerical works, the diagnostic analysis has been adopted to

give evaluations which has not been paid enough attention yet.

- With the necessary requirement of stent performance optimization, the interaction between stent

design factors and hemodynamic variations has been analyzed in the cases of 2D and 3D models

respectively. Interspace between struts and aspect ratio (AR) of strut section have been focused as

the important design factors of stent. Evaluations have been made based on the wall shear stress

(WSS)-based descriptors and flow topology.

- Coupling between flow mechanics and mass transfer from DES has been carried out. 2D model of

DES in coronary artery has been built based on the validation that the drug distribution in tissue

tends to be symmetrical radially in 3D model and a good fitting of drug release from polymer

between 2D and 3D cases. Mass transfer process from DES into lumen and tissue has been investi-

gated with considerations of several controlling parameters. The effects of disturbed flow on drug

concentration have been discussed as well. In addition to the numerical works, experimental works

have been carried out as well focusing on the drug release process from polymer. Different initial

drug dosages (10%, 20% and 30%) in polymer has been investigated with the drug release profiles

in each case. The corresponding diffusion coefficients are calculated based on the experimental

data along with a good fitting with numerical results respectively. Based on the determination

of diffusion coefficients in these three conditions, a linear relationship has been predicted between

initial drug dosage and diffusion coefficient in polymer. A good comparison has been achieved

between numerical and experimental results with the case of 15% drugs in polymer through the

linear prediction of diffusion coefficients.
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CHAPTER 1

State of the art

Contents

1.1 Physics in coronary arterial system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
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1.3 Investigation development of bare metal stent . . . . . . . . . . . . . . . . . . . . . . . 11

1.4 Investigation development of drug-eluting stent . . . . . . . . . . . . . . . . . . . . . . 14

1.5 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

In this chapter, an introduction of investigation background is well displayed firstly aiming to lay a

strong foundation about cardiovascular disease. The physiological and hemodynamic characteristics are

presented focusing on coronary artery. The development of diseases and treatments is stated in order

to indicate the direction of the present study. Literature reviews regarding bare metal stent (BMS) and

drug-eluting stent (DES) are then discussed. The motivations are finally introduced contributing to the

framework of the current research works.

1.1 Physics in coronary arterial system

Cardiovascular disease is responsible for 1/3 deaths in developing and developed countries for people

over 35 years old especially in western countries [1, 2]. Coronary circulation as a part of highly sophis-

ticated cardiovascular system acts a key role to supply blood flow to the heart for meeting matabolic

needs [3]. A disruption in blood flow due to obstructive disease in coronary vessels is a common form of

heart disease affected by aging, smoking and drinking, etc. Fatty deposition on vessel wall can happen

as a result of slowed metabolism. Over time the deposition will be developed into plaques blocking blood

flow termed as atherosclerosis. As shown in Figure 1.1, more complicated conditions are developed over

time along with calcification cores and even plaque ruptures. Meanwhile, the formation of clot (throm-

bosis) leads to the more risky conditions. Due to the extensive and continued efforts from clinicians and

researchers worldwide, significant advancements in clinical treatments have been made especially in the

last decade. Nowadays the use of stent is widely accepted by patients to recover the narrowed arteries [4].

Immediate relieve of patients can be achieved for urgent cases by means of stent strategy. However, the

follow-up complications can not be neglected due to the hemodynamic variations. Therefore, a better

understanding of the physical and mechanical characteristics of blood flow is required necessarily for

the optimisation of stent performance. The relationship between variations of hemodynamic parameters

and stent design factors has caused many researchers’ attention [5]. Moreover, based on the clinical

statistics, coronary artery is more prone to form stenosis compared to most of other arteries. Therefore,

the mechanisms inside coronary artery will be the main focus for the current study.
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Figure 1.1: The formation of plaques

Coronary arteries in the circulation system are shown in Figure 1.2 mainly including left coronary

arteries and right coronary arteries. Arterial bifurcation and tortuosity as two conspicuous geometrical

characteristics have been observed. Normally, coronary circulation as the first branch of aorta can ensure

sufficient blood supply to the heart. Blood flow in coronary circulation of one person is about 250 ml/min

at rest [6], which can be increased to 1−1.5 l/min during exercise condition in order to meet the oxygen

demand of myocardial fibers. Due to the important role of carrying blood flow to heart, any disorder or

disease of coronary artery can cause one in dangerous condition with a heart attack or stroke.

Figure 1.2: Coronary arteries in the circulation system

Atherosclerosis occurs along with the buildup of plaques on vessel wall which is the direct disease

location. Therefore, the vessel wall structure of coronary artery is studied through Figure 1.3 in order

to acknowledge the physics in tissue. A healthy coronary artery wall mainly consists of three distinctive

parts [7]: intima, media and adventitia. The intima facing lumen is formed of lined endothelial cells, and

also is the explicit location of lipid accumulation. Media is made of extracellular matrix, smooth muscle

cells (SMCs) and external elastic lamina. Adventitia is composed of connective tissue and fibroblasts.

There are several main causes for contributing to a narrowed lumen: 1) thickening of intima through

proliferation of smooth muscle cells; 2) formation of scar tissue by a healing response in the adventitia;

3) hypercontraction of smooth muscle cells in the media. Among these causes, the proliferation of SMCs

has been proved to play a central role in the onset of plaque. SMCs as the basic structural and functional
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components in vessel wall are responsible for its homeostasis. An imbalance in their functions inevitably

results in wall dysfunction and vascular disease. As a response to various environmental stimuli such

as changes in blood flow patterns, growth factors, and cell to matrix interactions, SMCs are capable

to switch from the contractile phenotype to a proliferative phenotype. Especially in reaction of artery

injury, the activated proliferation of SMCs can finally lead to the vascular disease.

Figure 1.3: Blood vessel wall composition [7]

Blood flow as the main body in artery needs to be paid more attention regarding its physical and

dynamical properties. Even though many of the existing investigations assume the blood flow as steady

[8–11], it’s known actually that blood flow is a typical pulsating flow [12]. Pulsating flow as a type of

periodic flow oscillates around a non-zero mean value. Similarly, oscillatory flow as another periodic

flow oscillates around a mean value of zero [13,14]. In Table 1.1, comparisons are made among different

types of flow in view of mechanical definitions [15]. The velocity for pulsating and oscillating flow varies

periodically contrary to the time independence of velocity with steady flow. The oscillatory flow is seen

as a type of special pulsatile flow with a zero steady flow component. Moreover, pulsating flow is also

called Womersley flow named after John R. Womersley (1907–1958) who firstly derived the flow profiles

with blood flow. The velocity profile of pulsatile flow greatly depends on the Womersley number (Wo)

defined in equation 1.1. Wo represents the ratio between inertial force and viscous force, which is similar

with the definition of Reynolds number Re. Figure 1.4 [16] clearly shows how flow profiles are affected

by different Wo value. As can be seen that when Wo < 2, a parabolic profile can be maintained and the

flow is dominated by the viscous force. When Wo ≥ 2, the flow profile gets more flattened because of

the dominant inertial forces in central core and dominant viscous forces near boundary layers.

Wo = R

√︃
ωρ

µ
(1.1)

Where R is artery radius, ω is angular frequency, ρ is density and µ is dynamic viscosity.
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Table 1.1: Definitions and related terminology in steady and periodic flows [15]

Type of flow Steady Oscillating Pulsatile

A typical

velocity-time

record

Velocity V0,os=0 V0,os ̸= 0; V0 = 0 V0,os ̸= 0; V0 ̸= 0

Frequency

Womersley

number

f = 0
f ̸= 0

√
Wo

′

= R
√︁

ω/ν ̸= 0
ω = 2πf

f ̸= 0
√

Wo
′

= R
√︁

ω/ν ̸= 0
ω = 2πf

Reynolds

number
Reta = 2V0R

ν
Reta = 0 Reta = 2V0R

ν

The characteristic parameters involved in the table above are explained as follows:

- Time-averaged velocity, V0

- Oscillating component of velocity, V0,os

- Frequency for the periodic flow, f

- Kinetic viscosity, ν.

- Time-averaged Reynolds number, Reta.

Figure 1.4: Velocity profile of pulsed flow at different Wo [16]
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As we focus on blood flow in the left coronary artery for the current study, the practical flow profile

has been obtained through works of N. Bénard [17] in 2005 as shown in Figure 1.5. Two phases of systole

and diastole exist during one cycle of T = 0.8s corresponding to heart contraction and relaxation. Systole

phase happens corresponding to the heart contraction pumping blood out, afterwards diastole phase will

be followed by relaxation. According to American Heart Association, the heart normally beats about

60−100 times per minute at rest condition depending on physical condition and age. Checkout of pressure

is a normal way to reflect the health condition of people in reality. The high pressure is measured during

diastole process corresponding to the force of blood against artery wall. By contrast, the low pressure

is measured during systole period. In table 1.2 [3], the mean blood flow parameters of several different

types of vessels commonly subjected to the atherosclerosis are listed. It can be noticed that mean shear

rate normally ranges from 200 to 500 s−1 and mean flow Reynolds number ranges from 100 to 400 among

these arteries.

Figure 1.5: Coronary flow in one cycle at 75 bpm [17]

Table 1.2: Mean blood flow parameters for human arteries commonly subject to occlusive thrombosis in
atherosclerosis [3]

Vessel
Diameter

(mm)
Average flow

rate (ml/s)

Mean

Reynolds

number

Mean wall

shear

rate (s−1)

Mean wall

shear stress

(dyne/cm2)
Femoral artery 5.0 3.7 280 300 11

Common carotid 5.9 5.1 330 250 8.9

Internal carotid 6.1 5.0 220 220 8

Left main coronary 4.0 2.9 240 460 16

Right coronary 3.4 1.7 150 440 15

As shown in Figure 1.2 above, the morphological characteristics of coronary artery have been observed:

bifurcation and tortuosity. High relevance has been found between these morphological characteristics

and artery stenosis in the past two decades. Artery tortuosity exists commonly through human body.

Moderate tortuosity can be asymptomatic, however, severe tortuosity can cause attacks in distal or-

gans. Clinical studies have associated tortuous arteries with atherosclerosis, aging, genetic syndrome,
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hypertension. In general, arteries with atherosclerosis show more tendency to be tortuous, however, the

formation and development of tortuosity are not clear yet. A. Buradi et al. [18] simulated the blood

flow in 3D tortuous artery. The time-averaged wall shear stress (TAWSS) distribution is displayed with

different values of curvature radius (CR) when the angle of bend (AoB) is 150o. As known that low

TAWSS means more possibilities to form plaques, the vulnerable locations for atherosclerosis have been

observed as shown in Figure 1.6. H.C. Han [19] summarized various types of tortuous form through

reported clinical investigations shown in Figure 1.7. They are separately named by curving, angulation,

looping and spiral twisting from left to right.

Figure 1.6: TAWSS distribution in tortuous artery of different CRs [18]

Figure 1.7: Different forms of tortuous artery [19]

Coronary bifurcation lesions can occupy 20% of percutaneous coronary intervention (PCI). According

to the clinical statistics, locations near bifurcation has been the major lesion sites. As shown in Figure

1.8 [20], the bifurcated artery characterizes three anatomic segments: (1) proximal main vessel, (2) distal

main vessel and (3) side branch. Many investigations have been carried out focusing on hemodynamic

variations caused by the bifurcation. In the works of [21–26], the effect of different bifurcation angles,

physical properties of flow and deformability of coronary bifurcation on the hemodynamic variations

have been investigated. Pinto et al. [27] simulated the 3D bifurcated artery without stenosis and the low

TAWSS is observed near bifurcation structure shown in Figure 1.9.
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Figure 1.8: Scheme of bifurcated coronary artery [20]

Figure 1.9: Distribution of TAWSS in bifurcated artery [27]

Based on the discussions above and literature [5], there are some essential facts regarding coronary

artery: i) The blood flow features small Womersley number below 3. ii) Higher blood flow can be

obtained during diastole process, which is reverse with the other most arteries. iii) The irregularity of

vessel geometry (curvatures and bifurcations) can cause secondary flow during the cardiac cycle.

1.2 Diseases and treatments concerning coronary artery

Atherosclerosis is a type of vascular disease. The lipid-based plaques cause hardening and stenosis

of vessels [28]. Atherosclerotic plaques occur most often at the arterial intima, especially when it gets

traumatized [29]. Normally human body can give timely response to the dynamic changes or risky signals

inside the system. This protection regime helps us to deal with various attacks or injuries. However,

sometimes some pathological diseases will be caused by the arterial reaction [30]. In the case of intima

injury, the response of platelet adherence and activation will be triggered. A risky deposition will be

formed leading to the stenosis with more platelet accumulated at the trauma site for repairing. Shear

stress plays a key role related to the platelet accumulation. Higher shear stress contributes to shorter

retention time of platelets over injury site, and the adherence can only happen in milliseconds. Natural

plaque progression includes lipid expansion and micro-calcifications within lipid pools as shown in Figure
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1.10 [28]. If the spotted calcifications are developed into speckles and fragments, vessel wall stresses can

be greatly decreased contributing to plaque stability.

Figure 1.10: Scheme of plaque calcification (in blue): A) spotty calcification, B) sheet-like fragment, C)
segments of continuous calcification [28]

Plaque development depends on multiple factors. Considering the geometrical complexity introduced

above, irregularity of artery geometry is undoubted to be a part of decisive role on lesion locations due to

flow disturbance. Bifurcation lesions have always been a major challenge to percutaneous treatment [31].

The reason is partly related to the wide range of anatomical morphologies of coronary lesions located

at arterial bifurcation. Through clinical statistics, the prone lesion conditions at bifurcated artery have

been classified as shown in Figure 1.11 [32].

Figure 1.11: Summary of lesion conditions at bifurcation [32]

Among the existing treatments developed to stenosis, stent implantation is trending recently for its

significant developing progress. However, as a normal body regime, the implanted stent will be considered

as a foreign body leading to body reaction. Consequently the accumulated platelets around stent lead

to the thickening of intima again which is then called restenosis [33] as shown in Figure 1.12. Thus, it is

still a big challenge to optimize the stent performance. Hemodynamic variations play a key role in the

initiation and progression of atherosclerosis. Numerous Studies have shown that arterial zones exposed
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to low shear stress are more prone to develop atherosclerotic lesions [34–36]. Thus the relationship

between local hemodynamics and design factors of stent has been paid great attention. According to the

literature [37], the intimal thickening tends to be generated more easily when the WSS is below 0.5 Pa.

Thrombosis size depends greatly on the accumulated platelet amount which is directly related to the

shear rate as defined in equation (1.2) as the blood flow has been commonly considered to be Newtonian

fluid within the existing literature. WSS represents the ability to take away depositions from vessel wall.

When WSS is below the critical value of 0.5 Pa, the shear force generated is too weak to prevent the

depositions on vessel wall.

γ̇i,j = ∂ui

∂xj
+ ∂uj

∂xi
(1.2)

Where γ̇ is the shear rate, s−1. u is the velocity, m/s. i,j ϵ (x, y, z) and i̸= j.

Figure 1.12: Restenosis following the stent implantation

Following the discussions above, the coronary atherosclerosis concerns stenosis and restenosis. It’s

known through clinical statistics in France cardiovascular disease is the cause of 180000 deaths, 130000

strokes and 120000 hear attacks each year. Confronting this threat, many treatments has been developed

and implemented with efforts progressively including bypass grafting, balloon angioplasty and stent

deployment separately:

- Bypass grafting [38]: It needs to take the patient’s own blood vessels connecting the distal end of

the stenotic coronary artery with the aorta. Then the blood is allowed to flow without passing the

narrowed part. Thereby, the purpose of relieving the symptoms of angina pectoris can be achieved

(Figure 1.13).
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Figure 1.13: The process of bypass grafting

- Balloon angioplasty [38]: A deflated balloon will be placed at the stenotic part. With the inflating

of the balloon, the larger pressure leads to reduced tension in the vessel wall and enlargement of

the luminal diameter (Figure 1.14).

Figure 1.14: The process of balloon angioplasty

- Bare metal stent [39]: In the early 1980s, an Argentinian doctor imagined to enlarge the hardened,

narrowed heart coronary artery by stent, subsequently the metal stent was born. The metal stent

successfully worked out in the clinical treatment resolving the urgent occlusion as shown in Figure

1.15. However, as our body deems the stent as a foreign body, contacting sites between the stent

and the arterial membrane will be treated as a wounded area. As a consequence, an inflammatory

reaction occurs. Many patients, especially diabetics, get severe scar tissue around the metal stent.

This type of scar tissue hyperplasia can cause severe arterial re-stenosis [40] (Figure 1.15). In france

around 120000 stents are implanted for patients every year.

10
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Figure 1.15: Restenosis after a procedure [40]

- Drug-eluting stent [17]: As depicted in the metal stent part, the restenosis is an urgent challenge.

For a further improvement of the treatment, the researchers started to combine the medicine with

the stent together. Namely a layer of drug film will be plated on the surface of the metal stent,

termed drug-eluting stent (DES). The common sectional structure of DES is showed in Figure

1.16 [41]. When the DES is implanted into the body, the drug will be released inhibiting the

growth of scar tissue around the stent. The development of DES is a significant progress in the

clinical treatment which has occupied 78% of cardiac stent implantation. However, the risks still

exist that drugs on the stent surface will be used up finally and a thrombosis can be developed.

Figure 1.16: Cross section of drug eluting stent [41]

- Soluble stent [42]: At the beginning of the 21st century, the Belgian scientists reported on a novel

arterial stent. This stent will be dissolved and absorbed by the body. When the stent is implanted,

blood vessel will be reshaped, over time the stent can dissolve and disappear. Thereby, the local

inflammatory reactions can be avoided. However, it is still in development and not used widely.

Among these treatments, stent implantation accounts for 60%-80% accepted by the patients [17].

The stent is widely used today dealing with the decreased artery diameter termed stenosis. However,

the complications still remain challenging [43]. The endothelial layer can be damaged and lose its ability

to regulate the proliferation of SMCs after stent implantation. As a result, the wall may thicken over

the stent and block the lumen again.

1.3 Investigation development of bare metal stent

BMS is the first generation of stent and also the onset of effective treatment for atherosclerosis. How-

ever, approximately 20% to 30% of patients require additional intervention after stent implantation [44].
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The performance of stent depends on multiple factors: stent designs, hemodynamics of blood, implanta-

tion procedures, vessel injury and chronic inflammation [45]. Among the literature, the optimization of

stent designs have been paid a lot of attention by the researchers in order to improve the implantation

performance [46].

Computational fluid dynamic (CFD) as a research tool can help to better understand the blood flow

and improve stent optimization. The stent design was firstly found to be linked with adverse clinical

outcome inside stented rabbit iliac arteries in 2000, and variation of WSS is greatly associated with

neointimal hyperplasia. The main considerations of stent geometrical characteristics are summarized

through Figure B.1 [47]. These two types of designed stents are compared through different geometrical

features: stent cell, mean cell spacing, strut valley and peak, strut angle and if it is cell off-set or

cell alignment. It is demonstrated that adverse hemodynamic variations of specific design features

(such as narrow strut space and large strut size) can be mitigated while combining the other beneficial

design features. Moreover, more luminal protrusion of stent can worsen the hemodynamic conditions

significantly.

Figure 1.17: Geometries with stent design labels [47]

Rheological properties and hemodynamic distributions are the main focuses of outputs among the

investigations. The works of N. Benard [17], H.M. Hsiao [48, 49], F. Chabi [50] and A. Rouhi [51] have

proved the disturbed flow caused by the presence of stents. Larger inter-strut spacing was found beneficial

to restore disturbed flow. Through works of V. Dehlaghi et al. [45], instead of strut spacing, he focused

on the effect of ratio between strut spacing to strut height on hemodynamics. The ratios of 2, 3, 4, 6

have been studied and found out that When the ratio is below 3, the secondary flow is full of the whole

strut space. When the ratio is above 6, the reattached point can be obtained with two separate vortices.

According to the works of [52], When struts follow more the direction of blood flow, the area of flow

recirculation tends to be reduced. Smaller strut angle means the strut orientation is more consistent

with the flow direction. Decreased deflection between the strut orientation and flow direction can induce

less flow turbulence inhibiting the development of recirculation. Moreover, strut thickness has been the

focus of many numerical and clinical studies. The common conclusion demonstrated that thicker strut

is more prone to generate adverse outcomes [53–55]. Thinner strut will cause less obstacle effect and

confine the recirculation size. I.C. Hudrea et al. [56] studied the formation of recirculations with struts

of malapposition as shown in Figure B.2. The streamlines are more disturbed with a limited increasing
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of stent protrusion into lumen. Afterwards when the stent is closer to the center flow, the disturbance

of flow is more relieved.

Figure 1.18: Streamlines with stents of malapposition [56]

Low shear stress, high particle residence time, and non-laminar flow are common hemodynamic at-

tributes at locations where the neointimal hyperplasia is prone to happen [57, 58]. Therefore, many

researches have been carried out aiming to optimize the stent design based on the evaluation of hemo-

dynamic parameters variations. Even though part of the researches have verified the symmetrical hemo-

dynamic distribution in 3D model with simplified circular stent, a more complete 3D modeling is still

necessary to have a global view of hemodynamic distribution, especially taking into account of the prac-

tical geometrical complexity of artery and stent. R. Balossino et al. [59] used 3D models to analyse the

spatial and temporal distribution of arterial WSS under differently designed stent shapes and different

strut thicknesses. The low value region of WSS below 0.5 Pa was observed to be increased with thicker

strut. Similar conclusion has been obtained in works of N. Duraiswamy et al. [60]. Four stents of different

designs were studied and the near-wall WSS distribution was investigated as shown in Figure B.3. The

low value of WSS is always found to follow the near region of stent.
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Figure 1.19: WSS distribution for (a) Wallstent, (b) Bx Velocity stent, (c) Aurora stent, and (d) NIR
stent [60]

1.4 Investigation development of drug-eluting stent

DES has brought significant benefits in hindering the development of arterial restenosis after stent

implantation compared to BMS [61–63]. The first BMS termed as Palmaz-Schatz was authoritatively

approved in 1994 confronting the threat of cardiovascular disease [64]. However, the restenosis as the sub-

sequent complication strongly limits the wide use of BMS which is required to make further evolvement

and improvement [65–67]. Until 2003, the first DES was approved by the Food and Drug Administration

in US. As a newly developed stent, the therapeutic effect has been greatly improved with the designed

anti-proliferative drug coatings. However, due to the durable existence of stent after drug release, new

risks emerge with the very late thrombosis after one year’s DES implantation [68–70]. Thus, the de-

velopment of DES is still required despite the significant progress has been made. As the trending of

stent development, the soluble and polymer free stents have been put forward in recent years [71–73],

but they are still limited in researches to date. The soluble stent is designed to be dissolved or absorbed

in the body gradually after stent implantation which can reduce the risks of later thrombosis compared

to BMS [74]. For the polymer free stent, the drugs will be directly filmed on the stent surfaces instead

of using the polymer carrier which acts as a potential chronic inflammatory stimulus [75].

Extensive researches have been carried out in order to better understand the drug release mechanism

and improve the stent. Numerical method has been widely adopted modeling DES physically and

mathematically which is more cost-effective compared to the experiments/clinical trials [76]. In the

view of physical modeling, three domains are related to the drug release: polymer domain, blood flow

domain and tissue domain. A number of studies have been carried out to study the drug release from

DES in the ways of one-dimensional [77], two-dimensional [78,79] and three-dimensional models [80,81]

separately. The first paper considering the simultaneous drug transport both in tissue and blood domain

was released in 2007 [82]. The earlier publications focus on the drug transport either in tissue domain or

in blood domain [83, 84]. In addition, in many studies the polymer domain is simplified as a boundary

where an initial drug concentration will be imposed and keep unchanged which obviously doesn’t fit with

the practical case [85–88]. Simplifications and assumptions are commonly found through the numerical

14



1.4. Investigation development of drug-eluting stent

works. Drug flux is commonly supposed to be continuous across the interface boundaries which is

reasonable when the drug solubility is similar between the two neighboring domains. In the case of

hydrophobic drugs, they are more prone to partition into the tissue which will lead to the discontinuities.

In addition, because of the distinguished difference of time scale between the pulsed blood flow and the

drug transport in tissue, the steady flow is considered while coupling with drug transport. Recently the

works of R.S. Pujith [89] have verified that the flow-mediated drug transport from DES is negligible even

though more works need to be further completed. Moreover, it is interesting to found out that opposite

results exist among the existing studies which indicate the importance of the established models more

complying the reality. With the purpose of stent optimization, several controlling parameters have

been considered to investigate the influence in the drug concentration especially the role of detailed

geometrical features [54,90,91] and the polymer properties [92]. Y. Chen et al. has studied the effect of

drug coating positions, artery bending angles and Reynolds number on the drug concentration [85,86,93]

in 3D modeling. A.I. Barakat et al. have modeled the drug transport process of two different types of

drugs [94] and studied the effect of release kinetics on drug concentration in tissue [95]. J.A. Ferreira et

al. investigated the influence of different plaque eccentricity on drug transport in the stenotic vessel [96].

More controlling parameters such as diffusion coefficient, strut spacing, struts apposition, and strut shape

have received extensive attention by the researchers as well [97–99]. Larger strut spacing is demonstrated

to decrease the peak value of drug concentration but increase the average drug concentration in tissue [90].

It is interesting for the numerical works carried out by T. Seo et al. [100] in 2016 who introduced a new

dimensionless index: Stent penalty Index (SPI) to quantify the flow disturbance and drug concentration

at the endothelial surface. A number of researches carried out in the cases of steady flow and steady

drug release concluded that the recirculations formed around stent had a significant effect on the drug

transport and the asymmetrical drug distribution in tissue was observed [87]. However, many recent

works of unsteady drug release have denied the results previously in steady case. Instead of asymmetry

of drug distribution affected by the flow in steady case, symmetrical drug distribution around strut

in tissue will be found in unsteady case and the influence of flow rheology in drug transport can be

neglected. As shown in Figure B.4 done by P.R.S. Vijayaratnam et al. [89, 101], the drug concentration

was compared between steady and unsteady cases. Figure B.4-(a) shows the drug concentration around

stent in 2D steady case of flow and drug release. The polymer is considered as a boundary with a

constant initial drug concentration. It can be found that drug depositions beside the stent occupied the

same order of the drug concentration compared to that in tissue which indicates that drug concentration

is greatly affected by the flow. However, with the further investigation in 2018, the polymer domain was

established more completely as shown in Figure B.4-(b) and (c). The drug concentration in blood and

tissue domains has no big difference between the steady flow and pulsatile flow cases. The magnitude of

drug concentration around stent is low enough compared to that in tissue indicating that the influence of

flow pulsatility in drug transport can be neglected. With these results, it confirmed that it is reasonable

to consider the drug transport in steady blood flow case.
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(a)

(b) (c)

Figure 1.20: The normalized drug concentration in steady case (flow and drug transport) in (a), and
unsteady drug accumulation at 60 s with (b) steady flow and (c) pulsatile flow [89].

1.5 Motivations

This study is carried out based on the background of atherosclerosis in coronary artery. In the light

of literature, the influences of stenosis and stent implantation in hemodynamic variations as well as mass

transfer from DES have caused great interest among researchers. However, the mechanisms related have

not been fully explored yet due to the complex physics in artery especially confronting the threat of arte-

rial restenosis following the stent implantation. Therefore, in the present study motivations on numerical

analysis to study the effects of arterial geometrical singularity in flow topology and hemodynamics are

put forward aiming to optimize the stent performance as well as the mass transfer from DES validated

by experimental data.

Based on the complicated artery structure and physics related, the modeling characteristics regarding

blood flow in coronary artery and even the mass transfer from DES are required to be discussed and

determined separately in order to establish the related numerical and mathematical models. Stenosis as

the emerged symptom contributes to the narrowed artery with disturbed flow which has been revealed

to be greatly related to the geometrical charateristics. Thus, following the modeling establishment,

the preliminary study has been carried out regarding blood flow in stenotic coronary artery coupling the

main artery geometrical characteristics: bifurcation and tortuosity separately as the modeling validations.

Despite the hemodynamic analysis employed commonly in literature, the practical diagnostic parameters

have been introduced and analyzed as well to evaluate the further development of stenosis, predict the

potential lesion sites and even provide the guidance to practical treatments.

Following the modeling characteristics and validations, the stent implantation as one type of the
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arterial geometrical singularity has been focused as passions from researchers on optimization of stent are

greatly motivated by the complications following the stent implantation. BMS and DES are considered

as the representatives of recent development in our study focusing on the hemodynamics and mass

transfer respectively. With BMS, the interactions between stent performance with different geometrical

design factors and hemodynamic variations have been focused in view of stent geometrical optimization.

Furthermore, with DES, the physical coupling between blood flow and mass transfer has been established

aiming to better acknowledge the physics of interaction between flow and drug transport process. The

experimental validations have been achieved during this PhD regarding drug release from polymer.
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CHAPTER 2

Modeling characteristics and validations

regarding blood flow in coronary artery
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2.1 Introduction

As discussed in chapter 1, motivations of this research have been put forward based on the background

of atherosclerosis and the corresponding treatments. Therefore, in this chapter, the establishment of nu-

merical and mathematical models regarding blood flow in coronary artery has been thoroughly discussed

based on the practical physics in the first place. Despite the considerations of modeling characteristics

such as the fluid properties, governing equations and boundary conditions, the related analysis method

has been presented as well. With the determination of flow modeling through coronary artery, the

preliminary study has been carried out with the stenotic artery coupling the geometrical singularities:

bifurcation and tortuosity, which are the main artery geometrical characteristics as discussed in Chapter

1. As reviewed from literature, the hemodynamic variations in artery play a key role as the disease in-

dicators and have been widely investigated. In this study, the potential sites and orientation of stenosis

development affected by the arterial bifurcation structure with different stenosis severities and locations

have been evaluated based on the flow topology and hemodynamic analysis. Moreover, in order to have

a direct guidance to clinical treatment from CFD works, the diagnostic analysis has been adopted to give

evaluations which has not been paid enough attention yet. As the consideration of artery tortuosity has

been trending recently, the blood flow in tortuous artery and the relationship between artery tortuosity

and stenosis occurrence have caused great interest among researchers. In the current research, flow topol-

ogy and hemodynamic variations through 3D tortuous artery model with symmetrical and asymmetrical

stenosis located upstream the tortuous segment have been considered. As the previous studies focused

mainly on the curved artery, in this study, both curved and spiral tortuosity have been considered here
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based on the clinical review by H.C. Han [19]. Different stenosis severities, different pulse rates and

different distances between stenosis and tortuosity as controlling parameters have been investigated.

2.2 Numerical and mathematical models of blood flow in coronary

artery

Blood flow as the main body in the coronary artery is required to be well defined corresponding to

the physical characteristics in numerical model. Based on the clinical statistics [102, 103], the coronary

artery as the carrier of blood has been observed to have the changeable diameter highly depending on

anatomic dominance, sex and branch length. For the left coronary arteries, the left main artery (LM)

was measured around 4.5 +/- 0.5 mm, the proximal left anterior descending coronary artery (LAD) is

3.7 +/- 0.4 mm, and the distal LAD is 1.9 +/- 0.4 mm. Among the investigations, the average value of

artery diameter has been commonly adopted considering the artery as a cylinder [89,101]. Since Kelle et

al. [104] demonstrated that diseased coronary vessels experience peak circumferential strain below 5%,

it is reasonable to consider the diseased vessel wall as rigid. Ozolanta et al. [105] has presented that the

elastic modulus of coronary arteries can be increased from 1.2 MPa (0–1 year) to 4.1 MPa (60–80 years).

Moreover, P. Siogkas et al. [106] compared the WSS distribution between rigid and deformable vessels

and a good agreement has been obtained in these two conditions. Comparatively, blood flow as a more

physically sophisticated biological fluid, higher attention is required. Therefore, in the present section,

the numerical and mathematical characteristics of blood flow in coronary artery have been thoroughly

discussed.

2.2.1 Blood flow characteristics in numerical model

The flow nature in a pipe involves three regimes [107, 108]: laminar, transient and turbulent, highly

depending on flow velocity demonstrated by Reynolds in 19th century. Dimensionless Reynolds Number

(Re) was put forward to predict flow patterns as shown in equation (2.1). When Re < 2300, laminar

flow occurs along with small pipe and small velocity. The transient flow is observed with turbulence in

the center and laminar flow near the edges of pipe when 2300 < Re < 4000. The flow is totally turned

into turbulent when Re > 4000, where the generated vortices, eddies and wakes make the flow more

unpredictable.

Re = ρuD

µ
(2.1)

Where ρ is flow density, kg/m3, u is flow velocity, m/s, D is the characteristic length, m, and µ is

dynamic viscosity, Pa · s.

Generally blood flow is laminar in the body especially in small arteries. For the left coronary artery,

the averaged and peak values of Reaverage and Repeak are evaluated to be 166 and 431 respectively [83]

when one is in rest condition. Therefore, the governing equation involved with flow is the unsteady

Navier-stokes equations and the general form of Navier-Stokes equations is described below:

∂ρ

∂t
+ ▽ · (ρV ) = 0 (2.2)

ρ
∂V

∂t
+ ρV · ▽V = − ▽ p + ▽ · τ + f (2.3)
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Where f represents the body force, − ▽ p is the volumetric stress tensor and ▽ · τ is the stress

deviator tensor as shown below:

p =

⎛⎜⎝p 0 0
0 p 0
0 0 p

⎞⎟⎠ (2.4)

τ =

⎛⎜⎝σxx + p τxy τxz

τyx σyy + p τyz

τzx τzy σzz + p

⎞⎟⎠ (2.5)

τi,j = µ( ∂ui

∂xj
+ ∂uj

∂xi
) i, jϵ(x, y, z) and i ̸= j (2.6)

The dynamic viscosity of blood has been commonly accepted as a constant of 0.0035 Pa · s by the

researchers [49, 82]. However, it is known that blood flow is a type of Non-Newtonian fluid with the

variable of viscosity instead of constant value for Newtonian fluid. Several Newtonian and Non-Newtonian

models of blood flow have been presented in the literature as discussed below:

• Newtonian model

µ = 0.0035 Pa · s (2.7)

• Power law model [109]

µ = µ0(γ̇)n−1 (2.8)

Where µ0 = 0.0035 Pa · sn and n = 0.6. γ̇ is shear rate, 1/s.

• Carreau model [110]

µ = µ∞ + (µ0 − µ∞)[1 + (λγ̇)2](n−1)/2 (2.9)

Where µ0, µ∞, λ and n are material coefficients. µ0 = 0.056 Pa ·s representing the dynamic viscosity

at shear rate of 0. µ∞ = 0.0035 Pa ·s describing the dynamic viscosity at shear rate of infinity. λ = 3.313
s corresponding to the relaxation time. n = 0.3568 as the power index.

• Casson model [111]

µ = [(η2J2)1/4 + 2−1/2τ1/2
y ]2J

−1/2
2

|γ̇| = 2
√︁

J2, τy = 0.1(0.625H)3.

η = η0(1 − H)−2.5.

(2.10)

For the blood, η0 = 0.012 Pa·s, H = 0.37. Based on the definitions of Newtonian and Non-Newtonian

models, S.S. Shibeshi et al. [112] compared the viscous properties of blood flow as shown in Figure 2.1. It’s

seen that the Newtonian model gives a linear relationship between viscosity and shear rate. However, for

the other three non-Newtonian models, a shear-thinning property has been displayed. With the increasing

of shear rate, the viscosity will be decreased. Specific to the effects of these models on hemodynamic

variations, R. Vinoth et al. [113] investigated the Non-Newtonian and Newtonian blood flow in human
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aorta, and found out that the overall velocity and pressure distributions with Non-Newtonian model are

similar to that in Newtonian model. Through the works of P.S.R. Vijayaratnam et al. [89], it is concluded

that the flow-mediated drug transport from DES can be negligible. Moreover, referring to the works

of E.W. Merrill et al. [114] and D.A. Mcdonald [115], non-Newtonian characteristics generally occur in

small vessels for low values of shear rate γ̇ < 100 s−1 and Womersley number Wo < 1. In our case, the

Womersley number is 2.7, and the shear rate is estimated as 114 s−1. Therefore, for our investigations

it is reasonable to define the blood flow with Newtonian model.

Figure 2.1: Comparison of viscosity versus shear rate as predicted by different blood constitutive equa-
tions [112]

Following the blood flow characteristics of laminar and Newtonian fluid, the further discussion will

focus on the velocity profiles. Among the literature, several velocity profile models have been developed

which can be divided into steady and unsteady cases as presented below.

• Poiseuille parabolic profile model

Poiseuille flow describes incompressible and Newtonian fluid for laminar flow through a cylindrical

pipe experimentally derived by Jean Léonard Marie Poiseuille in 1838 [116] and Gotthilf Heinrich Ludwig

Hagen [117] as defined below:

u(r) = 2V (1 − r2

R2 ) (2.11)

Where V is the cross sectional average velocity, m/s. R is artery radius, m. As can be seen that the

model won’t capture the unsteady characteristics for unsteady flow.

• Plug velocity profile model

Plug velocity profile model gives uniform sectional velocity distribution at initial boundary condition

[118]. In laminar pipe flow case, the plug velocity profile will develop into the parabolic form consistent

with the Poiseulle model. However, when it is in turbulent pipe flow case, the following governing
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equations will be followed.

δs = 5ν

u∗ , u∗ = (τω

ρ
)1/2

τω = D∆p

4L
,

∆p

L
= fρV 2

2D
1√
f

= −2log10(ϵ/D

3.7 + 2.51
Re

√
f

)

(2.12)

Where f is the friction factor and D is the diameter, m. V is the sectional average velocity, m/s.

∆p represents the pressure loss, Pa. ϵ is the relative roughness of the pipe and τω is the shear stress on

the wall (Pa), defined as µ
∂ux

∂y
|y=0, x is the flow direction and y is the normal direction to the wall. u∗

is the friction velocity, m/s, δs is the sub-laminar layer, m.

• Simplified pulsatile model

Derived from the steady Poiseuille model of blood flow profile, the simplified pulsatile model is

developed in order to capture the unsteady characteristics of blood flow [119]:

u(r, t) = 2V (t)(1 − r2

R2 ) (2.13)

As can be seen, the simplified pulsatile model is similar with the steady parabolic model. The

disparity is that V (t) is the instantaneous sectional average velocity versus time instead of constant, but

still the parabolic velocity profile at each time instant will be remained.

• Womersley velocity profile model

Womersley solved the unsteady Stokes equation for the flow in a rigid circular vessel [120]:

u(r, t) = Real

{︃
ã

iρω
(1 − J0Wo(i3/2r/R)

J0Wo(i3/2)
)eiωt

}︃
(2.14)

The equation (2.14) depicts the exact solution for the unsteady flow. Because of linearity of the

Stokes equation, the combination of the steady solution (equation (2.11)) and unsteady solution will

make it complete as shown below.

u(r, t) = ∆pR2

4µL
(1 − r2

R2 ) + Real

{︃
ã

iρω
(1 − J0Wo(i3/2r/R)

J0Wo(i3/2)
)eiωt

}︃
(2.15)

In this velocity profile model, an important dimensionless parameter is Womersley number defined

as Wo = R

√︃
ω

υ
. Similar with the Renolds number it represents the ratio between the inertial force and

viscous force. As discussed in chapter 1, when Wo < 2, viscous force dominates the flow, and the flow is

considered as quasi-steady with a parabolic profile. However, with the increasing of Womersley number,

the inertial force are becoming more dominant. As a consequence, the velocity profile will tend to be

flat, especially after Wo = 10. As mentioned that Wo equals to 2.7 in our case, thus the slight influence

of flow pulse is ignored here following the parabolic velocity profile.
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2.2.2 Reconstruction of coronary pulsed flow

As discussed in Chapter 1, the pulsed blood flow in coronary artery at frequency of 1.25 Hz can be

obtained through works of N. Bénard as shown in Figure 2.2. In order to reconstruct the flow profile

numerically, an eight-coefficient Fourier equation is established with Matlab as shown in equation (2.16).

The calculated coefficients are shown in Table 2.1 referring to the works of F. Chabi [83].

Figure 2.2: Inlet blood flow profile at f = 1.25 [83]

V (t) = Vo +
8∑︂

n=1
(Vncos(nwt) + Wnsin(nwt)) (2.16)

Where V0 = 1
T

∫︁ T

0 V (t)dt for n = 0, Vn = 2
T

∫︁ T

0 V (t)cos(nwt)dt for n ≥ 1, Wn = 2
T

∫︁ T

0 V (t)sin(nwt)dt

for n ≥ 1.

Table 2.1: Numerical values of coefficient Wn and Vn [83]

harmonic order Vn (m/s) Wn (m/s)

0 0.15634 0

1 -0.02995 0.00808

2 0.02458 0.03887

3 -0.01182 -0.00838

4 0.00985 0.0028

5 -0.01009 0.00313

6 0.00618 -0.00113

7 0.00133 8.74149 ∗ 10−4

8 -0.0036 −2.35276 ∗ 10−4

Physical activities lead to flow variations which have a crucial influence in the disease progress. Thus

following the reconstruction of flow profile at f = 1.25 Hz corresponding to heart beats of 75 in one

minute (75 bpm), flow profiles at 100 bpm and 120 bpm are developed as well covering one in the
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exercise condition [121,122] as shown in Figure 2.3.

Figure 2.3: Inlet blood flow profile at different pulse rates

2.2.3 Hemodynamic and diagnostic analysis

As mentioned previously, the hemodynamic variations in artery play an important role in onset of

disease and have been commonly focused among the investigations. WSS evaluation has been the mostly

used way to describe the artery conditions with its critical limit value and several WSS-based descriptors

as indicators of endothelial wall dysfunction have been introduced as well by researchers. Moreover, in

view of having a direct guidance to clinical treatment from numerical works, diagnostic analysis can give

evaluations on treatments which has not been paid enough attention yet. Thus in the present section

the related methods of hemodynamic and diagnostic analysis will be both presented.

• Hemodynamic parameters

- WSS

WSS = n · µ( ∂ui

∂xj
+ ∂uj

∂xi
)|wall i, jϵ(x, y, z) and i ̸= j (2.17)

µ is the dynamic viscosity, n is tangential vector along the vessel wall. The critical value of WSS is

0.5 Pa.

- Time-averaged WSS (TAWSS)

TAWSS = 1
T

∫︂ T

0
|WSS|dt (2.18)

Where T is the total time of one cycle for blood flow. TAWSS represents the shear load over time

the arterial wall is subjected to and the threshold value is 0.4 Pa [33].

- Relative pressure drop (RPD)

RPD = (pproximal − pdistal)
pdistal

· 100 (2.19)

Where pproximal is the proximal pressure before the stenosis, pdistal is the distal pressure after the

stenosis.
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- Artery surface of TAWSS below 0.4 Pa (ST A)

ST A =
∫︂

ST

if(TAWSS < 0.4, 1, 0)ds (2.20)

Where ST is the total surface of artery wall. The “if” function has been used in order to integrate the

surface where TAWSS<0.4 Pa (=1 if so, =0 if not). Thus ST A represents the surface area of potential

disease sites.

- Surface percentage of WSS below 0.5 Pa (Sp)

Sp = Sb

ST
· 100 (2.21)

Where Sb is the arterial surface for WSS below 0.5 Pa.

• Diagnostic parameters

- Pressure drop coefficient (CDP)

CDP = ∆p

0.5ρV 2
0

(2.22)

Where ∆p = pproximal − pdistal, ∆p indicates the difference between the time averaged proximal

pressure and the time averaged distal pressure.

- Lesion flow coefficient (LFC)

LFC = AS√︂
∆p

0.5ρV 2
0

(2.23)

Where AS = Soriginal−Sremained

Soriginal
, Soriginal represents the original surface of vessel cross section,

Sremained is the remained surface of vessel cross section because of stenosis formation.

2.3 Validations with geometrical singularities

With the determination of coronary artery modeling establishment, preliminary study is carried out

with stenotic artery coupling the arterial geometrical singularities. Two cases are conducted: bifurcation

and tortuosity.

2.3.1 Case 1 : Stenosis development in coronary artery coupling bifurcation

Stenosis in the bifurcated coronary artery has attracted wide attention among the researchers. Many

investigations have been carried out focusing on the hemodynamic variations affected by stenosis and

bifurcation structure [123–125]. Jahromi et al. [126] demonstrated that low WSS will be located proximal

to the stenosis when the initial stenosis is located in both of the two branches after the bifurcation. The

recent works have found out the existence of bifurcation broke the linearly decreased tendency of pressure

from mother tube [127]. Frattolin et al. [128] studied the effect of different stenosis severities (22.5%,

30% and 50%) on WSS and flow distribution by considering that any two of the three branches were
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stenotic. The final results concluded that when the stenosis is located both in the main branch proximal

and side branch, the patient will be at the most risky condition which is also consistent with clinical

findings. Thus, the cases of stenosis located at the main proximal and side branch separately have caused

our interest to investigate the independent effects on potential stenosis development which are within the

cases listed in Figure 1.11 above. Moreover, in view of the state of the art in this subject, the analysis

of practical diagnostic parameters is really limited among the published numerical works. In addition,

there is few investigations for the prediction of further stenosis orientation in the bifurcated coronary

artery. Most of the studies mainly focused on the influence of stenosis severity related to the stenosis

height [129–131], however, the stenosis length as another main geometrical parameter has been paid few

attention. Moreover, the physical activities of a person have been well known to directly affect the pulse

rate and result in the altered flow patterns [132]. Thus, in the present study, the hemodynamic and

diagnostic parameters have been both investigated. The evaluations have been made for further stenosis

orientation based on initial stenosis of different severities, stenosis lengths, pulse rates and different

locations.

2.3.1.1 Geometrical model and computational mesh distribution

As the stenosis inside artery is assumed to be axisymmetrical, thus the 2D geometrical model of

the stenotic bifurcated artery is established referring to the literature [133]. The geometrical model is

composed of the left main coronary artery and two daughter vessels with a 45º bifurcation termed as main

branch proximal, main branch distal and side branch as shown in Figure 2.4. Two cases with different

stenosis locations have been displayed. The diameters are 3 mm, 2.5 mm and 1.7 mm separately [134].

In the case of a (1) in Figure 2.4, the stenosis is located in the main branch proximal. The stenosis height

h was studied for these different values: 0.45 mm, 0.75 mm and 1.05 mm corresponding to the diameter

stenosis 30%, 50% and 70% respectively based on the diameter stenosis definition: h
r ∗ 100% where r is

the vessel radius. The stenosis length l2 as another controlling parameter will change from 3 mm to 6 mm

and 9 mm keeping the same distance to the bifurcation. In order to keep the results independent from

the geometrical parameters, the artery lengths for main branch proximal, main branch distal and side

branch are 50 mm, 90 mm and 80 mm separately. In the case of a (2) in Figure 2.4, the stenosis is located

in the side branch instead of the main branch proximal keeping all the other geometrical parameters the

same.

Figure 2.4: 2D geometrical model of bifurcated artery with stenosis
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In order to study the mesh independence, the mesh sizes of 322645, 683246, 1159651 and 1535788

are established to check WSS value downstream the stenosis located in the main branch proximal.

The accuracy can be controlled under 2% after mesh size of 1159651. Therefore, the determined mesh

distributions around stenosis and bifurcation when the stenosis is located either in the main branch

proximal or side branch are both obtained respectively as shown in Figure 2.5.

Figure 2.5: Mesh distribution around the stenosis and bifurcation

2.3.1.2 Mathematical model and boundary conditions

The blood flow is considered as incompressible and Newtonian fluid which has been commonly ac-

cepted through the literature [135, 136]. Accordingly, the density of blood is 1060 kg/m3, the dynamic

viscosity is 0.0035 Pa · s. Therefore, the governing equations of Navier-stokes equations in general form

can be simplified as shown in equation (2.24) and equation (2.25) in unsteady case. The body force has

been neglected.

▽ · V = 0 (2.24)

ρ
∂V

∂t
+ ρV · ▽V = − ▽ p + µ ▽2 V (2.25)

For boundary conditions, the vessel wall is considered as rigid referring to the literature [50,137,138]

which is consistent with the discussions above. At inlet and outlets, the pulsed flow and pressure at

different pulse rates will be imposed separately as shown in Figure 2.6. The inlet flows at pulse rates

of 75 bpm, 100 bpm and 120 bpm have been employed as discussed above. For the outlet boundary

condition, a pressure waveform with different frequencies is prescribed corresponding to different flow

pulse rates. A two-element model is used as shown in equation (2.26) [139]:

Q(t) = P (t)
R

+ C
dP (t)

dt
(2.26)

Where Q(t) is the input pulsatile volumetric flow rate of blood, m3/s. P (t) is the output pulsatile

pressure waveform, Pa. R is peripheral resistance, 1e10 Pa · s/m3. C is arterial compliance, 1e − 11
m3/Pa. It has been proved that two-element model well reconstructs the pressure fluctuation at outlets

of arterial domain with lower frequency (< 5 Hz) [34]. Considering the Reynolds number range of

90 − 570, the laminar blood flow is considered to be fully developed with parabolic velocity profile.
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(a) Inlet (b) Outlet

Figure 2.6: Inlet pulsed flow and outlet pressure versus time in one cycle at different pulse rate

The works concerning modeling, meshing and computing all have been done with Comsol 5.1. The

unstructured tetrahedral mesh elements have been generated and multigrid method has been employed

to accelerate the convergence speed of a basic iterative method. The iterative methods have chosen

GMRES with the maximum iteration number of 500. The initial time step is set to be 0.001 s in order

to ensure CFL < 1 which will be adaptively determined by Comsol based on the physics related. To

make sure the periodic stability of the results, the simulations were carried out for four pulsatile cycles.

2.3.1.3 Development of recirculation with different locations of initial stenosis

Figure 2.7 shows the streamlines and shear stress distribution at different time instants in the case

without stenosis. The recirculation can be observed at the side branch affected by the bifurcation

structure and no recirculation is formed at the main branch. The low value of shear stress is found to

be located at the recirculation region. The recirculation size is varied because of the velocity oscillation.

T/4 T/2

3T/4 T

Figure 2.7: The streamlines and shear stress distribution (Pa) at different time instants without stenosis
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Figure 2.8 illustrates the streamlines and shear stress distribution at different time instants when

the stenosis of 50% is located in the main branch proximal and the stenosis length is 3 mm. Due to

the existence of stenosis, the recirculation is formed and developed both into the main branch distal

and the side branch. The shape and the size of recirculation varies at different time instants due to the

velocity oscillation. Regarding the shear stress distribution, the low values of shear stress below 0.5 Pa

are mainly located in the recirculation regions. At t=3/4T, the low value of shear stress below 0.5 Pa

tends to extend over the entire lumen of the side branch which is consistent with the clinical finding:

the side branch tends to be easier to form the deposition [128]. Similar phenomena are found when the

stenosis is 30% and 70% not shown here. Moreover, the streamlines and shear stress distribution are

checked also with other stenosis lengths of 6 mm (Figure 2.9) and 9 mm. With the increasing of stenosis

length, the occurance of attachment in location 2 will be more frequent in one cycle.

T/4 T/2

3T/4 T

Figure 2.8: The streamlines and shear stress distribution (Pa) at different time instants with stenosis of
50% located in the main branch proximal and l2 = 3 mm

Figure 2.10 shows the streamlines and shear stress distribution at different time instants when the

stenosis of 50% is located in the side branch and the stenosis length is 3 mm. When the stenosis is located

in the side branch, the recirculation regions with low value of shear stress below 0.5 Pa are formed both

upstream and downstream the stenosis due to stronger effect of the bifurcation angle. However, the main

branch is less affected by the initial stenosis source. Similar with results above, the recirculation size is

greatly changed over time caused by the varied inertial force. At t = 3T/4, the low value of shear stress

tends to extend the entire lumen of the side branch.
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T/4 T/2

3T/4 T

Figure 2.9: The streamlines and shear stress distribution (Pa) at different time instants with stenosis of
50% located in the main branch proximal and l2 = 6 mm

T/4 T/2

3T/4 T

Figure 2.10: The streamlines and shear stress distribution (Pa) at different time instants with stenosis
of 50% located in the side branch and s = 3 mm

Based on the results above, the main locations of recirculations have been found at different locations
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of the initial stenosis as shown in Figure 2.11. When the initial stenosis is located in the main branch

proximal (Figure 2.11-a), the formation of recirculations mainly follows the orientation of blood flow.

Thus, three locations of recirculations are defined downstream the stenosis. However, when the initial

stenosis is located in the side branch (Figure 2.11-b), three main locations of recirculation are generated

both upstream and downstream. In order to make a better analysis, the definitions of recirculation

length of L1, L2 and L3 have been made corresponding to each location when the stenosis is located in

the main branch proximal (Figure 2.11-a).

(a) (b)

Figure 2.11: The main locations of recirculation with stenosis located in the main branch proximal (a)
and side branch (b)

Figure 2.12 displays the variation of recirculation lengths (L1, L2, L3) in one cycle at different stenosis

severity levels (a, c, e) with stenosis length l2 = 3mm and different stenosis lengths (b, d, f) with stenosis

severity of 50%. As expected, with the increasing of stenosis severity, the recirculation length L1 is

increased (Figure 2.12-a) due to the rising of inertial force downstream the stenosis. When focusing on

the peak values between 0.4 s and 0.5 s, it is consistent with the peak value of velocity (shown in Figure

2.6) even though the time lag exists under different stenosis conditions. As shown in Figure 2.12-(c),

when the stenosis severity is under the condition of 50% and 70%, the value of L2 almost keeps constant.

This is due to the connection of the recirculations at location 2 and location 3 and the attachment

point won’t be formed along location 2. Therefore, the value of L2 is considered to be the total length

of the artery wall between the stenosis and the bifurcation. Slight variation of L2 is observed from

the constant value with stenosis of 50% between 0.3s and 0.4s, corresponding to the minimum value of

velocity. Smaller inertial force will be obtained limiting the development of recirculation. Thus, the

attachment point is located at location 2 again. When the stenosis severity is 30%, the attachment point

remains at location 2 in the whole cycle, and is affected by the velocity oscillation. In Figure 2.12-(e), L3

is increased when the stenosis severity changes from 30% to 50%. However, when it changes from 50% to

70%, L3 is decreased. The flow will be more strongly disturbed especially in the side branch with larger

stenosis of 70%. Meanwhile, other vortices will appear and disappear during the whole cycle inhibiting

the development of recirculation. Regarding the effect of different stenosis lengths, it is obvious that

the recirculation length is less affected by the stenosis length compared to the stenosis severity. Figure

2.12-(b) shows that increased stenosis length tends to increase the amplitude variation of L1 especially

when we focus on the maximum and minimum peak values. The maximum peak value is increased with

the increasing of stenosis length. However, the minimum peak value is decreased with the increased

stenosis length. In Figure 2.12-(d) and 2.12-(f), L2 and L3 are both decreased with the increasing of
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stenosis length. The reason is the increased stenosis length will slow down the velocity change resulting

in reduction of inertial force. Therefore, L2 and L3 are both decreased which is also restricted by the

bifurcation structure. Similar with Figure 2.12-(c), the constant value of L3 when l2 = 3mm and 6mm

is observed equaling to the total length of location 2 between stenosis and bifurcation which remains

unchanged all the time. The recirculation length L1 is developed into the main branch distal with a

decreased diameter, thus the inertial force of blood flow will be promoted again even though the increased

stenosis length contributes to the decreased recirculation length.

(a) (b)

(c) (d)

(e) (f)

Figure 2.12: The variation of recirculation lengths versus time at different stenosis severities (30%, 50%
and 70%) and stenosis lengths (3 mm, 6 mm and 9 mm) located in the main branch proximal
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2.3.1.4 Analysis based on the hemodynamic and diagnostic parameters

The relative pressure drop (RPD) defined in equation (B.9) versus time in one cycle at different

stenosis severity levels (a) and stenosis lengths (b) are plotted in Figure 2.13. The RPD is increased

with the increasing of stenosis severity level, especially when the stenosis changes from 50% to 70% as

shown in Figure 2.13-(a). Thus, the stronger disturbance brought by the severe stenosis is consistent

with the larger RPD. Here too, the RPD is slightly increased with the larger stenosis length shown in

Figure 2.13-(b).

(a) (b)

Figure 2.13: The variation of RPD versus time at different stenosis severities (a) and stenosis lengths
(b) located in the main branch proximal

The RPD is studied versus time in one cycle at different stenosis severity levels (a) and different

stenosis lengths (b) when the stenosis is located in the side branch as shown in Figure 2.14. With

the increasing of stenosis severity and stenosis length, the RPD tends to be increased even though the

absolute difference is not significant. Through the inset figures to check the variation of peak value, it

can be found that relative difference of RDP is 1% and 4% with stenosis changing from 30% to 50% and

70%. The relative difference of RPD caused by the stenosis length is below 2% in our case. Thus, it

can be concluded that when the stenosis is located in the side branch, the evaluation of stenosis severity

through RPD is quite difficult.

(a) (b)

Figure 2.14: The variation of RPD versus time at different stenosis severities (a) and stenosis lengths
(b) in the case of side branch stenosis

As mentioned above, WSS is an important parameter which represents the ability of the blood flow

to take away the depositions. Figure 2.15 plots the wall shear stress along the stenosis at up location
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and down location separately under different stenosis severity levels when the stenosis is at main branch

proximal. The stenosis length is 3 mm. From this figure, the distribution of WSS along stenosis at up

and down location is not symmetrical. With the increasing of stenosis severity, WSS is increased and the

occurrence of WSS peak value is delayed leading to a smaller difference between WSS value at up and

down locations. Before the peak value, there is no significant difference between up and down locations.

However, after the peak value, the WSS at up location is smaller compared to that at down location

influenced more by the bifurcation structure.

Figure 2.15: WSS distribution around stenosis at up and down locations under different stenosis severities
at T/2

Similarly, Figure 2.16 represents the variation of WSS along stenosis of 50% at up and down location

under different stenosis lengths when t = T/2. The length before and after stenosis are both 1.5mm.

Different from the effect of stenosis severity above, with the increasing of stenosis length, WSS is reduced

at both up and down locations. Meanwhile, the WSS difference between up and down location is more

significant with smaller stenosis length. The larger stenosis length will more slow down the change of

the flow velocity. Consequently, the lower WSS is generated by the decreased velocity gradient.

Figure 2.16: WSS distribution around stenosis at up and down locations under different stenosis lengths
at T/2

When the initial stenosis is located in the side branch, the WSS is studied along the stenosis at

different stenosis severities as shown in Figure 2.17. The stenosis length remains 3mm. Figure 2.17-(a)

displays the WSS along stenosis of different severities at up location. The increased stenosis severity

contributes to the increased WSS. The peak value occurred at the stenosis location is developed from

one peak for 30% and 50% to two peaks for 70% with the increasing of stenosis severity affected by

strongly disturbed flow with severe stenosis. Figure 2.17-(b) shows the WSS distribution along stenosis
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of different severities at down location. Larger WSS is obtained with the increasing of stenosis severity

caused by the drastic velocity variation. Different behavior is observed between the up side and the down

side. This is due to the overpressure occurred at upside caused by the flow coming from the bifurcation.

(a) (b)

Figure 2.17: WSS distribution around stenosis at up (a) and down (b) locations under different stenosis
severities at T/2

Figure 2.18 shows the WSS along stenosis at up (a) and down (b) locations under different stenosis

lengths when it is located in the side branch at T/2. The stenosis severity keeps constant of 50%. When

focusing on the WSS along the stenosis location, it is found that the increased stenosis length contributes

to larger WSS, especially at the up location. For this location, it is easier to get the peak value at the

beginning of the stenosis caused by the drastically changed flow direction due to the closer distance to

the bifurcation edge. Consistent with above analysis, WSS at upside tends to be larger compared to that

at down side.

(a) (b)

Figure 2.18: WSS distribution around stenosis at up (a) and down (b) locations under different stenosis
lengths at T/2

Figure 2.19 shows the influence of stenosis length (a) and flow pulse rate (b) in the pressure drop

coefficient (CDP) defined in equation (B.12) at different stenosis severities when the stenosis is located

36



2.3. Validations with geometrical singularities

in the main branch proximal. As can be seen in Figure 2.19-(a), with the increasing of stenosis length,

the CDP tends to be increased. The difference caused by the stenosis length is more obvious with the

increasing of stenosis severity. Focusing on the effect of stenosis severity on CDP, the increased stenosis

severity contributes to the higher CDP and the relationship between them tends to be nonlinear. With

larger stenosis severity, the variation of CDP becomes more drastic. According to the literature [140],

the cut-off value used by doctors for CDP is 27.9. In our case, when the stenosis severity is 70%, the

value of CDP exceeds the critical value under all these different stenosis lengths. Meanwhile, Figure

2.19-(b) shows that CDP is decreased with the increasing of flow pulse rate. Thus, when the patient is in

exercising condition to make the clinical test, it is possible to misinterpret the clinical outcome especially

in the case of stenosis of 70%.

(a) (b)

Figure 2.19: Effects of stenosis length (a) and flow pulse rate (b) on CDP at different stenosis severities

Figure 2.20 illustrates the influence of stenosis length (a) and flow pulse rate (b) in the lesion flow

coefficient (LFC) defined in equation (B.13) at different stenosis severities when the stenosis is located

in the main branch proximal. As can be seen in Figure 2.20-(a), the increased stenosis length brings

decreased LFC which is more obvious with larger stenosis severity. However, the larger stenosis severity

increases the value of LFC, and the relationship between them tend to be linear. In Figure 2.20-(b), it is

found that increased flow pulse rate contributes to larger value of LFC. According to the literature [141],

the critical value of LFC is 0.36. The value of LFC larger than 0.36 indicates the higher possibility of

induced ischemia and revascularization. In our case, the LFC value over 0.36 can be got when the stenosis

is up to 50%. The variation of the stenosis length and the pulse rate don’t affect the final functional

evaluation in our case referring to the critical value.

(a) (b)

Figure 2.20: Effects of stenosis length (a) and flow pulse rate (b) on LFC at different stenosis severities
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2.3.2 Case 2 : Hemodynamics in stenotic coronary artery coupling tortuosity

Artery tortuosity as another main geometrical characteristic is commonly observed in human body

especially in the left anterior descending coronary artery [142]. Thus, the blood flow in tortuous artery

and the relationship between artery tortuosity and stenosis occurrence have caused great interest among

researchers.

Figure 2.21: Significant coronary artery [142]

Many studies have been carried out focusing on the curved artery [143–145]. M. Jarrahi et al. [146],

M.R. Najjari et al. [147] and J.H. Siggers et al. [148] have experimentally studied the flow pattern in

curved pipe to better understand the development of vortices structure through curvature. Recently

numerical simulation as a research tool has been employed widely to investigate the physics of blood

flow in the tortuous vessel [149]. The effects of morphological parameters of curvature on flow pattern

and hemodynamics have been commonly discussed among the existing literature [150–152]. WSS as a

key hemodynamic indicator to potential atherosclerosis sites has been found to be strongly affected by

tortuosity. X. Xie et al. [153] have shown that the increased curvature angle larger than 120o contributes

to a lower WSS zone, and the diastole pressure obtains a maximum increase of 96% compared to the non-

tortuous artery model during exercise. Through works in 2019 by A. Buradi et al. [18], it has revealed

that severe coronary tortuosity with small curvature radius, small distance between two curvatures and

high angle of curvature contributes to low WSS zones at inner wall downstream of tortuosity section.

Pressure drop caused by the tortuosity was demonstrated to negatively relate to coronary tortuosity

angles and positively relate to coronary tortuosity numbers by Li et al. [154]. Among these existing

investigations, many of them focus on the effects of vessel tortuosity or focus on the effects of stenosis.

The studies considering both stenosis and tortuosity are really limited. G.Y. Liu et al. [155], B.Y.

Liu [156] and M. Biglarian et al. [157] have considered the stenosis located at curvature site and studied

the flow topology and WSS distribution at inner wall and outer wall. However, it should be notable that

through clinical investigations in 2018 [158], the stenosis located at the non-tortuous segment before the

tortuosities has been confirmed and the hemodynamic variations affected by the interactions between

stenosis and tortuosity still remain interesting in this case.

The present section aims to investigate the flow topology and hemodynamic variations through 3D

tortuous artery model with symmetrical and asymmetrical stenosis located upstream the tortuous seg-
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ment. As the previous studies focused mainly on the curved artery, in this study, both curved and spiral

tortuosity have been considered here based on the clinical review by H.C. Han [19]. Different stenosis

severities of 20%, 35%, and 50%, different pulse rates of 75 bpm, 100 bpm and 120 bpm, and different

distances of 0 mm, 3 mm and 6 mm between stenosis and tortuosity as controlling parameters have been

investigated.

2.3.2.1 Geometrical and mathematical models

As the present study focuses on the blood flow in tortuous artery with stenosis. 3D geometrical models

of coronary artery have been established both for curved and spiral tortuosity as shown in Figure 2.22-(a)

and (b). In order to make the geometrical independence, the artery lengths before and after tortuosity

are 40mm and 50mm. The stenosis is located upstream tortuosity with stenosis length of 6 mm. The

horizontal length of one single curvature is 20 mm. The heights of curved and spiral tortuosity are 8 mm

and 6 mm separately. The distance between stenosis and curvature as controlling parameter is named L

taking the following values: 0mm, 3mm and 6mm. Comparison has been made between symmetrical and

asymmetrical stenosis as shown in Figure 2.22-(c). Stenosis severity as another controlling parameter is

defined as (D − d)/D ∗ 100. D is the artery diameter of 3 mm. Different stenosis severities of 20%, 35%

and 50% have been studied.

(a)

(b)

(c)

Figure 2.22: 3D geometrical model of curved artery (a) and spiral artery (b) with stenosis of symmetrical
and asymmetrical structure (c)

In order to check the mesh independence, four mesh sizes of 210078, 570010, 1524838 and 2352717

have been studied. The WSS is investigated at these four different mesh sizes. After the third mesh size,

WSS accuracy can be achieved around 2%. Taking the same way, the final determined mesh distributions

can be obtained both for curved and spiral artery as shown in Figure 2.23 as an example. The multigrilles

method is used to generate the unstructured tetrahedral mesh elements.

The mathematical models keep the same with the above case of arterial bifurcation except that a

constant pressure of 0 pa is imposed at the outlet instead of the pulsed wave.
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(a) Curved artery

(b) Spiral artery

Figure 2.23: Mesh distribution for curved artery (a) and spiral artery (b) spiral artery

2.3.2.2 Blood flow in curved artery with symmetrical and asymmetrical stenosis

Table 2.2 displays the TAWSS distribution for curved artery at different stenosis severities of 0%,

20%, 35% and 50% under symmetrical and asymmetrical cases at 75 bpm. In order to better understand

the results analysis, some locations used in the analysis have been displayed in Figure 2.24 with curved

artery. It’s commonly known that TAWSS is an important indicator to potential sites of stenosis with

critical value of 0.4 Pa [159]. Lower value than 0.4 Pa indicates larger possibility of plaques. When

we focus on the case of 0%, it is noticed that low value regions of TAWSS are located at outer wall

upstream and inner wall downstream for each curvature. As the influence of stenosis located upstream

the tortuosity is limited to the near region of curvatures, the zone in the black box is mainly focused in

the subsequent analysis. TAWSS is greatly increased with larger stenosis severity both for symmetrical

and asymmetrical stenosis focusing on the stenosis region and inner wall of tortuosity. The reason is

the narrowed artery lumen brings more drastically varied velocity and stronger inertial force. Larger

TAWSS at up wall downstream asymmetrical stenosis can be found compared to the symmetrical case.

Because the geometrical change of stenosis is mainly at down wall for asymmetrical stenosis, stronger

inertial force is remained near the up wall. Quantified results regarding the artery surface with TAWSS

below 0.4 Pa (ST A) defined in equation (B.10) have been plotted in Figure 2.25 which has well confirmed

the observations through Table 2.2. Larger value of ST A has been observed with asymmetrical case

compared to symmetrical case. Because asymmetrical stenosis brings more disturbed flow downstream

the stenosis due to the uneven effects on the arterial wall radially compared to the symmetrical stenosis.

Figure 2.24: Location definitions with curved artery coupling stenosis
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Diameter stenosis Symmetrical case Asymmetrical case

0%

20%

35%

50%

Table 2.2: TAWSS distribution at different stenosis severities for curved artery with symmetrical and
asymmetrical stenosis at 75 bpm

Figure 2.25: Artery surface of TAWSS below 0.4 Pa at different stenosis severities for curved artery

In order to better analyze the influence of symmetrical and asymmetrical stenosis in WSS variation

at different stenosis severities, the area percentage of WSS below 0.5 Pa (Sp) defined in equation (B.11)

over the total artery surface is plotted in one cycle shown in Figure 2.26. As can be seen that two

41



Chapter 2. Modeling characteristics and validations regarding blood flow in coronary artery

maximum peaks are obtained corresponding to the minimum velocities in one cycle, and the minimum

value of Sp around 0.4 s corresponds to the maximum velocity in each case. Sharper velocity variation

is obtained near vessel wall with the increased sectional mean velocity of blood flow. Asymmetrical

stenosis tends to almost get higher value compared to the symmetrical case especially in the case of 50%

stenosis where the difference between symmetrical and asymmetrical stenosis is more obvious. Increased

stenosis severity results in stronger flow disturbance especially for the asymmetrical stenosis due to the

more drastic radius variation downstream stenosis. Increased stenosis severity results in stronger flow

disturbance especially for the asymmetrical stenosis due to the uneven effects on the arterial wall radially

compared to the symmetrical case.

(a) 20% (b) 35%

(c) 50%

Figure 2.26: Area percentage of WSS below 0.5 Pa at different stenosis severities at 75 bpm

Physical activities of patients are closely related to the hemodynamic variation through changed flow

pattern [142]. Thus, the TAWSS distribution is also studied at different pulse rates of 75 bpm, 100 bpm

and 120 bpm with symmetrical and asymmetrical stenosis of 35% as shown in Table 2.3. Even though

the changed pulse rate will bring hemodynamic variation overall the artery, in order to be consistent to

the analysis above we still mainly focus on the stenosis part and the near part of tortuosity. As can

be seen that larger pulse rate greatly increases the TAWSS value and low TAWSS regions located right

downstream the stenosis and at the outer wall of tortuosity are both decreased because of the more
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sharply varied velocity pattern. The quantified comparisons between symmetrical and asymmetrical

stenosis regarding arterial surface area of TAWSS below 0.4 Pa affected by different pulse rates are

shown in Figure 2.27. The obviously negative relationship between ST A and pulse rate has been proved

and a larger value of ST A at asymmetrical case can be always observed.

Pulse rate Symmetrical case Asymmetrical case

75bpm

100bpm

120bpm

Table 2.3: TAWSS distribution at different pulse rates for curved artery with symmetrical and asym-
metrical stenosis of 35%

Figure 2.27: Artery surface of TAWSS below 0.4 Pa at different pulse rates for curved artery
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Figure 2.28 shows the area percentage (Sp) of WSS below 0.5 Pa in one cycle at different pulse rates

of 75 bpm, 100 bpm and 120 bpm with symmetrical and asymmetrical stenosis of 35%. In each case

of pulse rate, the value of Sp with asymmetrical stenosis almost tends to be higher compared to the

symmetrical stenosis. The variation tendency of Sp is negatively proportional to the velocity oscillation

in one cycle. With the increasing of pulse rate, the area percentage of WSS below 0.5 Pa is greatly

decreased both for symmetrical and asymmetrical cases because of the increased velocity variation rate

near wall. Despite slight fluctuation at peak values, the value of Sp keeps higher at asymmetrical stenosis

during one cycle.

(a) 75 bpm (b) 100 bpm

(c) 120 bpm

Figure 2.28: Area percentage of WSS below 0.5 Pa at different pulse rates with symmetrical and asym-
metrical stenosis of 35%

Following the effect of stenosis severities and pulse rates on hemodynamic variation, the influence

of distance between stenosis and tortuosity is discussed as well. Similarly, Table 2.4 shows the TAWSS

distribution at different distances of 0 mm, 3 mm and 6 mm between stenosis and tortuosity with

symmetrical and asymmetrical stenosis of 35% at 75 bpm. As can be seen, the increased distance between

stenosis and tortuosity contributes to lower value of TAWSS especially when we focus on the upstream

inner wall of tortuosity. The reduction of TAWSS is more obvious for symmetrical case. The increased
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distance in our case also brings increased regions of low TAWSS. The reason is that increased distance

after stenosis contributes to a more fully developed and stable flow which can weaken the inertial force

into tortuosity. Compared to the symmetrical stenosis, larger value of TAWSS can be got at up wall after

asymmetrical stenosis because there is no geometrical change along up wall. Similarly, the corresponding

quantified analysis has been made with Figure 2.29 investigating the effects of distances between stenosis

and tortuosity on the surface area of TAWSS below 0.4 Pa for symmetrical and asymmetrical cases. It is

displayed that the value of ST A is increased in asymmetrical case with the increasing of distance between

stenosis and tortuosity. However, for symmetrical case, the value of ST A is decreased with distance

increased from 3 mm to 6 mm. The reason is because the flow after stenosis is still not be able to fully

developed with effects of the formed recirculation downstream the asymmetrical stenosis and tortuosity.

However, for symmetrical stenosis, the flow has been recovered to be fully developed when the distance

is 6 mm. The larger value of ST A at symmetrical case has been observed compared to the asymmetrical

case which is in contrast to the results with effects of stenosis severity and pulse rate.

Distance Symmetrical case Asymmetrical case

0 mm

3 mm

6 mm

Table 2.4: TAWSS distribution at different distances between stenosis and toruosity for curved artery
with symmetrical and asymmetrical stenosis of 35% at 75 bpm
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Figure 2.29: Artery surface of TAWSS below 0.4 Pa at different distances between stenosis and tortuosity
for curved artery

Qualified analysis is made through Figure 2.30 which plots the area percentage of WSS below 0.5

Pa in one cycle at different distances of 0 mm, 3 mm and 6 mm between stenosis and tortuosity with

symmetrical and asymmetrical stenosis at 75 bpm. Similar phenomena can be found that the variation

of Sp is negatively consistent to the velocity oscillation in one cycle. With the increasing of distance

between stenosis and tortuosity, the area percentage of WSS below 0.5 Pa is increased because of more

fully developed flow. When it is in the case of 0 mm, the value of Sp with asymmetrical stenosis is

slightly higher compared to the symmetrical stenosis. However, when it is under the cases of 3 mm and

6 mm, the value of Sp at symmetrical case tends to be larger even though some sight fluctuations exist.

For the reason, it is because the increased distance between stenosis and tortuosity leads to more low

value region for the symmetrical case compared to the asymmetrical case which can balance and even

over the effect of stenosis geometrical characteristics.

In Table 2.5, the effects of different curvature height on TAWSS distribution have been studied. The

original height of curvature is defined as hc, and then both hc/2 and hc/4 are considered here. As can

be observed that the low value region of TAWSS always locates at stenosis downstream, the outer wall

upstream and inner wall downstream along the tortuous segment. With the decreasing of curvature

height, the distribution of TAWSS tends to be decreased because the decreased curvature height leads to

the less disturbed flow. Similarly, in order to have a quantitative analysis of the low value distribution

of TAWSS, the area percentage of TAWSS below 0.5 Pa (Sp) versus time has been plotted in Figure

2.31 at different curvature heights. Two peak values can be observed corresponding to the low value of

velocity, however, the minimum value of Sp corresponds to the maximum velocity. Larger velocity bring

sharper variation of velocity near vessel wall. With the decreasing of curvature height, the value of Sp

tends to be increased except the peak values.
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(a) 0 mm (b) 3 mm

(c) 6 mm

Figure 2.30: Area percentage of WSS below 0.5 Pa at different distances between stenosis and tortuosity
with symmetrical and asymmetrical stenosis of 35% at 75 bpm

Curvature height Front view

hc

hc/2

hc/4

Table 2.5: TAWSS distribution at different curvature height for curved artery with symmetrical stenosis
of 35% at 75 bpm
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Figure 2.31: Area percentage of WSS below 0.5 Pa at different curvature height for curved artery with
symmetrical stenosis of 35% at 75 bpm

Along the analysis of homogeneous curvature along curved artery, the non-homogeneous curvatures

are considered and compared with different conditions. As shown in table 2.6, the TAWSS distribution

at different curvature height ratios has been displayed.It’s observed that in the case of curvature ratio

of 1:2, the height of the first curvature is decreased compared to the case of curvature ratio of 1:1. The

TAWSS distribution along the first curvature tends to be decreased, and there is no big change with

that along the second curvature. In the case of curvature ratio of 2:1, it is observed that the second

curvature height is decreased keeping the first curvature the same with that in the case of 1:1. It’s seen

that the distribution of TAWSS along the first curvature keeps the same with that in case 1:1. The

results shows us the obvious influences of geometrical variation of curvature in TAWSS distribution. The

smaller height of curvature tends to obtain larger region of low value region of TAWSS especially at the

first location facing the coming flow.

Curvature height ratio Front view

1 : 1

1 : 2

2 : 1

Table 2.6: TAWSS distribution at different height ratio for the two curvatures in curved artery with
symmetrical stenosis of 35% at 75 bpm
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Following the TAWSS distribution, the area percentage of WSS below 0.5 Pa versus time at different

curvature height ratio with symmetrical stenosis of 35% at 75 bpm is plotted in Figure 2.32. It is seen

that the value of Sp is negatively proportional to the inlet velocity variation. Larger velocity contributes

to stronger inertial force and more sharply varied velocity near vessel wall. In the case of 1:2, the value

of Sp keeps the highest during one cycle.However, in the cases of 1:1 and 2:1, the value of Sp tends to be

superimposed most of the time in one cycle. Thus the results proves the important role of the curvature

at first location facing the incoming flow.

Figure 2.32: Area percentage of WSS below 0.5 Pa at different height ratio for the two curvatures in
curved artery with symmetrical stenosis of 35% at 75 bpm

In order to check out the flow variation affected by stenosis severity, pulse rate and distance between

stenosis and tortuosity, two cross sections S1 and S2 are selected as shown in Figure 2.33. The streamlines

on these two cross sections are studied in Figure 2.34, Figure 2.35 and Figure 2.36 separately. When

focusing on S1 in Figure 2.34, it is found that the high value region of velocity corresponds to the stenosis

throat region and higher velocity value is consistent to larger stenosis severity both for symmetrical

and asymmetrical cases. The streamlines is more disturbed with increased stenosis severity especially

for symmetrical case even though there is no vortice formed. However, when focusing on S2 both

in symmetrical and asymmetrical cases, the velocity distrubution is prone to be more affected by the

tortuosity and no big changes occur to the peak value of velocity with the increased stenosis severity.

The streamlines on S2 is more significantly disturbed compared to S1 especially for asymmetrical case.

The vorties can be observed and the vortice number is developed from 2 into 4 with increased stenosis

severity. Compared to symmetrical case, asymmetrical stenosis contributes to stronger flow disturbance

at the same stenosis severity. Similar phenomena can be found out with the effects of different pulse rates

shown in Figure 2.35 and distances between stenosis and tortuosity in Figure 2.36. Increased flow pulse

rate brings larger velocity especially at S1 which is more affected by the stenosis. Stronger disturbance at

S2 especially in asymmetrical case has been observed with increased pulse rate compared to symmetrical

case. Moreover, the increased distance between stenosis and tortuosity greatly decreases the velocity

value at S1 because of the more fully developed flow after stenosis.

Figure 2.33: Positions of cross section selection
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20% 35% 50%

Symmetrical case: S1

Symmetrical case: S2

Asymmetrical case: S1

Asymmetrical case: S2

Figure 2.34: Streamlines with colored velocity distribution and vectors at S1 and S2 for different sym-
metrical and asymmetrical stenosis severities at 75 bpm at T/2
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75 bpm 100 bpm 120 bpm

Symmetrical case: S1

Symmetrical case: S2

Asymmetrical case: S1

Asymmetrical case: S2

Figure 2.35: Streamlines with colored velocity distribution and vectors at S1 and S2 for symmetrical and
asymmetrical stenosis of 35% for different pulse rates at T/2
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0 mm 3 mm 6 mm

Symmetrical case: S1

Symmetrical case: S2

Asymmetrical case: S1

Asymmetrical case: S2

Figure 2.36: Streamlines with colored velocity distribution and vectors at S1 and S2 for symmetrical and
asymmetrical stenosis of 35% at 75 bpm with different distances between stenosis and tortuosity at T/2
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2.3.2.3 Blood flow in spiral artery with symmetrical and asymmetrical stenosis

As spiral tortuosity is one of the existing arterial morphological states found in human body, it is

necessary to study how the hemodynamics are affected by spiral non-planar structure of artery instead

of curved planar structure. Similarly, some location definitions used in analysis have been shown in

Figure 2.37. Table 2.7 shows the TAWSS distribution with symmetrical and asymmetrical stenosis of

0%, 20%, 35% and 50% at 75 bpm for the spiral artery. The results are displayed from front and back

views. When focusing on the case of 0%, it is found that low value of TAWSS is mainly located at

entry and exit parts of the tortuosity. Along the tortuosity, larger value of TAWSS is always found at

outer wall compared to the inner wall. Since the effect of stenosis is limited to the near region, in the

following analysis the region in black box is mainly focused. With the increasing of stenosis severity, the

high value region of TAWSS is greatly increased. The low value region of TAWSS is mainly located at

stenosis downstream which tends to be decreased from front and back view with larger stenosis severity.

Quantified analysis has been followed with Figure 2.38 which evaluates the surface area of TAWSS below

0.4 Pa under different stenosis severities for symmetrical and asymmetrical stenosis. It is found that

the positive relationship between ST A and stenosis severity in curved artery has been disturbed with

symmetrical stenosis in spiral artery.

Figure 2.37: Location definitions with spiral artery coupling stenosis

Figure 2.38: Artery surface of TAWSS below 0.4 Pa at different stenosis severities for spiral artery
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Diameter stenosis View Symmetrical case Asymmetrical case

0 %

front

back

20 %

front

back

35 %

front

back

50 %

front

back

Table 2.7: TAWSS distribution at different stenosis severities for spiral artery with symmetrical and
asymmetrical stenosis at 75 bpm

The qualified comparison between symmetrical and asymmetrical cases is studied in Figure 2.39 where

the area percentage Sp of WSS below 0.5 Pa in one cycle is plotted at different stenosis severities. Larger

value of Sp is always found at symmetrical case compared to asymmetrical case. The difference between

symmetrical and asymmetrical stenosis is more obvious with increased stenosis severity. Because of more

complicated geometrical characteristics of spiral artery compared to curved artery, the hemodynamic

variations are prone to be more sensitive to the stenosis geometrical change.
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(a) 20% (b) 35%

(c) 50%

Figure 2.39: Area percentage of WSS below 0.5 Pa at different stenosis severities at 75 bpm

Table 2.8 shows TAWSS distribution at different pulse rates for symmetrical and asymmetrical steno-

sis of 35% for spiral artery. Larger pulse rate leads to overall increased TAWSS because of the increased

velocity variation near wall. The low value region downstream stenosis is decreased at both front and

back views with increased pulse rate. The corresponding quantified analysis has been made in Figure

2.40 where the surface area of TAWSS below 0.4 Pa at different pulse rates has been plotted for the

cases of symmetrical and asymmetrical stenosis. The negative relationship between ST A and pulse rate

can be observed and the larger value of ST A is obtained with symmetrical stenosis compared to the

asymmetrical stenosis.

Figure 2.40: Artery surface of TAWSS below 0.4 Pa at different pulse rates for spiral artery
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Diameter stenosis View Symmetrical case Asymmetrical case

75 bpm

front

back

100 bpm

front

back

120 bpm

front

back

Table 2.8: TAWSS distribution at different pulse rates for spiral artery with symmetrical and asymmet-
rical stenosis of 35%

Consistently, the qualified study of area percentage of WSS below 0.5 Pa in one cycle at different

pulse rates with symmetrical and asymmetrical stenosis of 35% is studied in Figure 2.41. As observed

that the reduction of Sp is significant with larger pulse rate and the value of Sp is always higher at

symmetrical case compared to asymmetrical case.
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(a) 75 bpm (b) 100 bpm

(c) 120 bpm

Figure 2.41: Area percentage of WSS below 0.5 Pa at different pulse rates with symmetrical and asym-
metrical stenosis of 35%

As the stenosis is located at the non-tortuous segment before the spiral tortuosity, the distance

between stenosis and spiral tortuosity need to be considered. Table 2.9 shows the TAWSS distribution

at different distances of 0 mm, 3 mm and 6 mm between stenosis and tortuosity for symmetrical and

asymmetrical stenosis of 35% at 75 bpm. Similar with curved artery, larger distance between stenosis and

tortuosity greatly increases the low value region of TAWSS either at front view or back view. Compared

to the asymmetrical stenosis case, larger low value region of TAWSS is observed at symmetrical case.

Figure 2.42 shows the surface area of TAWSS below 0.4 Pa at different distances and confirmed the

observations from Table 2.9. The value of ST A is greatly increased with larger distance between stenosis

and tortuosity as the flow is not able to be fully developed affected by the spiral tortuosity.
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Figure 2.42: Artery surface of TAWSS below 0.4 Pa at different distances between stenosis and tortuosity
for spiral artery

Diameter stenosis View Symmetrical case Asymmetrical case

0 mm

front

back

3 mm

front

back

6 mm

front

back

Table 2.9: TAWSS distribution at different distances between stenosis and tortuosity for spiral artery
with symmetrical and asymmetrical stenosis of 35% at 75 bpm
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Qualified analysis is made in Figure 2.43 where area percentage of WSS below 0.5 Pa in one cycle

at different distances for symmetrical and asymmetrical stenosis is plotted. The results show that larger

value of Sp is obtained at symmetrical stenosis. The difference between symmetrical and asymmetrical

cases is increased with increased distance. The distance between stenosis and tortuosity makes the blood

flow more fully developed and the asymmetrical stenosis geometry can more maintain the inertial force

within regions where the original artery geometry is remained.

(a) 0 mm (b) 3 mm

(c) 6 mm

Figure 2.43: Area percentage of WSS below 0.5 Pa at different distances between stenosis and tortuosity
with symmetrical and asymmetrical stenosis of 35% at 75 bpm

In addition to the effects of pulse rate, stenosis severity and distance bewteen stenosis and tortuosity,

the effects of different curvature height on TAWSS distribution have been investigated as well as shown

in Table 2.10. It is obviously observed that with the decreasing of the curvature height the distribution

of TAWSS has been greatly decreased, the low value region tends to be enlarged along the curvature.

The detailed analysis is studied through Figure 2.44 where plots the area percentage of low WSS below

0.5 Pa (Sp) versus time in one cycle at different spiral curvature height. The significant difference can be

observed affected by the curvature height. With the decreasing of curvature height, the low value region

of WSS below 0.5 Pa is increased in the whole cycle. Compared to the results of curved artery in Figure

59



Chapter 2. Modeling characteristics and validations regarding blood flow in coronary artery

2.31, WSS distribution is more sensitive to the variation of curvature height in spiral artery.

Curvature height Front view Back view

hs

hs/2

hs/4

Table 2.10: TAWSS distribution at different curvature height of spiral artery with stenosis of 35% at 75
bpm.

Figure 2.44: Area percentage of WSS below 0.5 Pa at different curvature height of spiral artery with
symmetrical stenosis of 35% at 75 bpm

Spiral tortuosity as non-planar geometry makes the flow disturbance is more complicated. Compared

to the curved tortuosity, both vertical and lateral curvature variations affect the blood flow for spiral

artery instead of only vertical curvature variation. Thus the flow streamlines are studied in view of 3D

instead of the 2D cross section compared to the planar curved artery. Table 2.11, 2.12, and 2.13 have

given the views of streamlines colored with velocity around stenosis and tortuosity at different stenosis

severities, different pulse rates and different distances between stenosis and tortuosity separately. Flow

disturbance downstream stenosis and streamlines moving forward spirally along the tortuosity can be

easily observed. As shown in Table 2.11, the peak value of velocity can be obtained at the stenosis site

both in symmetrical and asymmetrical cases affected by the reduced artery diameter and the peak value

is increased with larger stenosis severity. Moreover, with the increasing of stenosis severity, the flow

disturbance is more complicated especially at stenosis of 50% and the recirculation downstream stenosis

is more clearly observed. Compared to symmetrical case, the formation of recirculation downstream

stenosis in asymmetrical case is more obvious which is affected by the stenosis height.
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Stenosis severity Symmetrical case Asymmetrical case

20%

35%

50%

Table 2.11: Streamlines at different stenosis severities for spiral artery with symmetrical and asymmet-
rical stenosis at 75 bpm at T/2

When focusing on Table 2.12, similarly it is found that the increased pulse rate contributes to larger

velocity especially at stenosis site and the inertial force can be enforced. Regarding the streamlines, the

larger pulse rate tends to benefit the formation of recirculation downstream stenosis. Because of the larger

stenosis height to vessel wall in asymmetrical case, a larger region of recirculation downstream stenosis is

obtained compared to symmetrical case. In Table 2.13, the effects of different distance between stenosis

and tortuosity on flow streamlines is studied. It is found out that larger distance between stenosis

and spiral tortuosity is beneficial to the development of recirculations downstream stenosis which is

more obvious for asymmetrical stenosis. The peak velocity is slightly decreased with increased distances

because of fewer influences of the following tortuosity.

Pulse rate Symmetrical case Asymmetrical case

75 bpm

100 bpm

120 bpm

Table 2.12: Streamlines at different pulse rates for spiral artery with symmetrical and asymmetrical
stenosis of 35% at T/2
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Distance Symmetrical case Asymmetrical case

0 mm

3 mm

6 mm

Table 2.13: Streamlines at different distances for spiral artery with symmetrical and asymmetrical steno-
sis of 35% at 75 bpm at T/2

Based on the results above, it revealed that larger risks of atherosclerosis generally go with larger

stenosis severity, smaller pulse rate and larger distance between stenosis and tortuosity. However, some

exceptions have been observed with the cases of symmetrical stenosis in curved artery with distance

of 6 mm and stenosis severity of 50% in spiral artery. This is due to the fully developed blood flow

after the stenosis site in the case of symmetrical case in curved artery with distance of 6 mm. For

spiral artery, when the stenosis severity is increased to 50%, the low value region of TAWSS will be

greatly reduced and restricted by the spiral tortuosity structure. Regarding the comparisons between

symmetrical and asymmetrical stenosis, it is found that the values of Sp and ST A tend to be higher

for asymmetrical stenosis compared to symmetrical stenosis for curved artery which is in contrast to

spiral artery under the effects of stenosis severity and pulse rate. Asymmetrical stenosis brings more

disturbed flow downstream the stenosis due to the uneven effects on the arterial wall radially compared

to the symmetrical stenosis. However, the effects of asymmetrical stenosis have been totally disturbed

and weakened by the spiral tortuosity with more complicated geometrical variations. Moreover, in the

case of different distances between stenosis and tortuosity, larger values of Sp and ST A are obtained with

symmetrical stenosis compared to asymmetrical stenosis both for curved and spiral artery. Because the

asymmetrical stenosis means uneven effects on vessel wall which makes the peak inertial force tend to

the less narrawed side of vessel wall from the center. Thus larger WSS has been obtained at up wall

compared to the down wall in asymmetrical case instead of comparatively even distribution of smaller

WSS in symmetrical case.

The vortices indicating the flow disturbance level have been found affected by the curvature, and the

streamlines moving forward spirally along the spiral tortuosity can be easily observed affected by the

spiral structure. An amplified effect on flow and hemodynamic variations from spiral tortuosity structure

has been clearly demonstrated compared to curved artery under the effects of stenosis mophology, pulse

rate and distances between stenosis and tortuosity. It is notable that when we compare the values of

Sp between curved and spiral tortuosities through Fig. 24, 26 28 and Fig. 34, 36, 38 respectively, the

obviously smaller values have been always obtained under each condition for spiral artery. This finding
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is consistent with the investigations by the group of X. Deng et al. [160,161]: swirling/spiral flows could

suppress platelet adhesion.

2.4 Conclusions

In this chapter, numerical and mathematical models regarding blood flow in the coronary artery

have been discussed. As presented above, the blood flow is established as Newtonian fluid limited by

the small vessel with low values of Womersley number and shear rate. Based on the low Re number

within laminar regime, parabolic velocity profile is set in our study and the blood flow is governed

by the Navier-Stokes equations. Since the circumferencial strain of artery wall can be neglected when

the disease happens confirmed in the literature, the vessel wall is considered as rigid. The numerical

reconstruction of blood flow profile has been accomplished through eight-coefficient Fourier equations by

Matlab. Taking into account the physical activities, velocity profiles with different pulse rates have been

constructed. Moreover, the hemodynamic and diagnostic parameters as the evaluation methods have

been introduced as well.

Following the determinations of modeling characteristics about the blood flow in coronary artery, the

preliminary study is carried out with stenotic artery coupling the arterial geometrical singularities, even

though the coupling between blood flow and arterial geometrical singularities is unidirectional. Two

cases are conducted with arterial bifurcation and tortuosity separately focusing on effects on the flow

disturbance. The results reveal that in the case of bifurcated artery, when the stenosis is located in

the main branch proximal, the recirculation follows the flow orientation. However, when the stenosis is

located in the side branch, the recirculation will be formed both upstream and downstream the stenosis.

The stenosis severity plays a key role for the recirculation size and the relative pressure drop compared

to the stenosis length in the case of stenosis at main branch proximal. However, in the case of stenosis

at side branch, the influences of stenosis severity and stenosis length in relative pressure drop can be

neglected. For WSS along the stenosis either at main branch proximal or at side branch, the distribution

at up and down location is asymmetrical affected by the bifurcation structure. The increased stenosis

severity contributes to the larger WSS which is in contrast with the stenosis length. For the diagnostic

evaluation, when the stenosis is at main branch proximal, the variation of stenosis length and pulse rate

in our case doesn’t affect the final evaluation results.

The second case is related to curved and spiral tortuosity with the existence of symmetrical and

asymmetrical stenosis upstream. The results concluded that the low value of TAWSS located down-

stream the stenosis can be observed. Along curved tortuosity, the low value region of TAWSS is located

outer wall upstream and inner wall downstream for each curvature. However, the low value of TAWSS

tends to be always located at inner wall along the spiral tortuosity. Larger area percentage of WSS

below 0.5 Pa and area of TAWSS below 0.4 Pa go with larger stenosis severity, smaller pulse rate and

larger distance between stenosis and tortuosity both for curved and spiral artery except in the cases of

symmetrical stenosis in curved artery with distance of 6 mm and stenosis severity of 50% in spiral artery.

Spiral artery is more sensitively affected by stenosis morphology from symmetrical to asymmetrical state

compared to curved artery. The value of Sp tend to be higher for asymmetrical stenosis compared to

symmetrical stenosis within the effect of stenosis sevetrity and pulse rate which can be reversed by in-

creasing the distance between stenosis and tortuosity for curved artery. However, for spiral artery the

higher value of Sp always goes with symmetrical stenosis compared to asymmetrical stenosis. Meanwhile

the flow disturbance tends to be stronger with larger stenosis severity and pulse rate, and smaller distance
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between stenosis and tortuosity especially for asymmetrical stenosis in curved artery. Flow disturbance

downstream stenosis and streamlines moving forward spirally along the tortuosity can be easily observed

in spiral artery.
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3.1 Introduction

Through chapter 2, the modeling characteristics of blood flow in coronary artery have been presented

and an initial view of the effects of artery geometrical singularities on hemodynamics has been provided.

Therefore, based on the background of atherosclerosis and the treatments of stent implantation, in this

chapter the coupling between blood flow and stent has been carried out. Even though the stent has

achieved effective progress among the treatments, the risks of follow-up complications can not be ignored

and still remain challenging. As known commonly through literature, artery restenosis can happen with

the cell proliferation after stent implantation and relates strongly to the low value of WSS affected by

the disturbed flow. The presence of stent in artery as a type of geometrical singularity has a direct

influence in flow disturbance which in turn acts on the hemodynamic variations and potential stenosis

generation along the stent. Therefore, the stent performance optimization is necessarily required in order

to minimize the negative influences with effective clinical outcome.

The stent design was firstly found to be linked with adverse clinical outcome inside stented rabbit iliac

arteries in 2000, and the variation of WSS is found to be greatly associated with neointimal hyperplasia.

The disturbed flow has been commonly found with the vortices formation upstream and downstream

the stent and the low value of WSS in recirculation region has been demonstrated as well [48–50]. Many

considerations of stent design characteristic have been taken into account among the existing literature

with the purpose of minimizing the flow alteration such as the stent location, stent type and specific

design parameter of strut. 2D model has been more commonly established with the consideration of cross

section shape of strut, inter-strut space and stent thickness in literature. The thinner strut and larger
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inter-strut space has been commonly demonstrated to be beneficial to improve the stent performance.

However, in practice of stent fabrication some conflicts need to be balanced between the required stent

strength and optimal design factors of stent as well.

In view of exploring more possible methods of stent optimization and contributing to the current re-

search data, the interaction between stent design factors and hemodynamic variations has been analyzed

in this chapter and the effects of physical activities on hemodynamics have been covered in this research

as well. Both 2D and 3D artery models with stent have been established focusing on the evaluations of

flow topology and the WSS-based descriptors with different influential factors.

3.2 Modeling establishment and methodology

In view of geometrical design factors of stent, the studies have been carried out both in 2D and 3D

models separately. Thus the corresponding modeling establishment has been discussed as follows:

• 2D case

As the artery is considered as axisymmetrical cylinder with one simplified circular stent, the corre-

sponding 2D geometrical model is established as shown in Figure 3.1. The cross section of strut is of

squared shape, and the height of strut is 0.1 mm. The radius of artery is 1.75 mm according to the

coronary artery. In order to make sure that the results are independent on the geometry, the vessel

lengths before and after the stent are 4 mm and 6 mm separately.

Figure 3.1: 2D computing domain of artery with stent

Following the establishment of 2D geometrical model above, the mathematical model keeps the same

with works in chapter 2 as the blood flow is considered to be incompressible and Newtonian fluid. The

density and dynamic viscosity are 1060 kg/m3 and 0.0035 Pa·s. The inlet pulsed flow and outlet pressure

waveform at different pulse rates have been displayed in Figure 3.2-(a) and (b). As observed, velocity

profiles at pulse rates of 60 bpm, 75 bpm, 100 bpm and 120 bpm have been considered referring to the

literature [121,122,162]. A parabolic velocity profile has been imposed since the Re number is below 600.

The corresponding pressure waveform at different pulse rate is constructed based on the two-element

model as discussed in chapter 2.
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(a) (b)

Figure 3.2: Inlet pulsed flow and outlet pressure waveform at different pulse rates

Regarding the mesh distribution, due to the more complex flow disturbance around the strut, a finer

mesh element is required in the vicinity of strut as shown in Figure 3.3. The final mesh distribution

is determined based on the mesh independence study shown in Figure 3.4-(a). Two points are selected

upstream and downstream the stent within the recirculation region. The distances to the wall and to

the strut both equal to 0.05 mm. Six different mesh sizes are studied, Figure 3.4-(b) and Figure 3.4-(c)

show the shear rate at the two points respectively versus the mesh size. With the increase of mesh size,

the shear rate tends to be more independent of the mesh size. Even though a slight oscillation of the

shear rate value exists, the accuracy can be controlled under 1% for point 1 and under 3% for point 2

after the third mesh size.

Figure 3.3: Mesh distribution around the stent
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(a)

(b) (c)

Figure 3.4: Independence of the shear rate with the quality of the mesh

In order to validate the simplified pulsatile flow model at inlet used in our case, a comparison has

been made between our results with this model and works of Chabi et al. [50] where a Womersley velocity

profile was adopted. As shown in Figure 3.5, the comparison of wall shear stress at one point downstream

in one cycle has been made at 75 bpm for these two conditions. As observed, a satisfactory agreement

has been obtained with a peak difference of 6%.

Figure 3.5: Comparison of wall shear stress at one position downstream at 75 bpm

• 3D case

Referring to the commercial stent geometry of Palmaz-Schatz [163, 164], the 3D stent geometry is

established as shown in Figure 3.6. Along the direction of z axis (flow direction), the cross section of

single strut is displayed with different aspect ratio (AR): 1, 2 and 4 separately where a=0.1 mm. The

total length of stent is 4.475 mm. The external radius equals to 1.75 mm consistent with the internal

radius of coronary artery. Following that, the complete 3D stented artery model has been obtained shown
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in Figure 3.7. Similarly, the artery length before and after the stent is 4 mm and 6 mm separately. The

boundaries can be divided into inlet boundary, outlet boundary and vessel wall.

Figure 3.6: Schematic of the 3D stent model

Figure 3.7: Schematic of the 3D artery model with stent

In 3D study, both steady and unsteady cases have been considered. The mathematical models and

boundary conditions keep the same with 2D case except the inlet boundary condition. A constant

sectional mean velocity of V0=0.1 m/s, 0.158 m/s and 0.2 m/s respectively has been imposed at inlet for

steady case. However, for unsteady case a simplified pulsatile waveform of velocity is imposed in order to

reduce cost as shown in Figure 3.8. The simplified velocity profile has referred the velocity range covered

in the case of 75 bpm presented in Figure 3.2 with mean velocity of V0 = 0.175 m/s. Thus the Reynolds

number related is 90-265 belonging to laminar regime.

Figure 3.8: Instantaneous sectional mean velocity during one cycle

In order to check the mesh independence, the velocity at four points around the strut is studied

versus mesh size. The final mesh distribution and the selected point locations are shown in Figure 3.9.
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Along Z axis four points are selected beside the strut joint and the space location of these four points

can be observed through the section extracted along the red line and oriented by the radial direction.

The distance of each point to the vessel wall and the strut is 0.05 mm. The determination of final mesh

size is based on the sensitivity of velocity value at these four points to the mesh size as shown in Figure

3.10. The four different mesh sizes are respectively 1553196, 2060240, 3166236 and 7215890. As can be

seen with the increase of mesh size the velocity at these four points tends to be flat. Especially after the

third mesh size point, the accuracy can be controlled under 3%.

(a) (b)

Figure 3.9: Mesh distribution around stent (a) and spacial location of selected points (b)

(a) (b)

(c) (d)

Figure 3.10: Mesh independence versus the velocity at different points
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3.3 Hemodynamic parameters related

For the evaluation methods, the related hemodynamic parameters have been presented below as well

as the WSS and TAWSS introduced in Chapter 2.

Time-averaged WSS gradient in space (TAWSSGs)

TAWSSGs = 1
T

∫︂ T

0

√︄
(∂WSSx

∂x
)2 + (∂WSSy

∂y
)2 + (∂WSSz

∂z
)2dt (3.1)

According to the literature, high value of TAWSSGs indicates high possibility of deposition and the

critical value of TAWSSGs is 200 Pa/m [47,165].

Oscillatory shear index (OSI)

OSI as another WSS-based parameter is defined in the form of equation (3.2). It represents the

deflection between the WSS vector and the blood flow direction. When the direction of WSS is consistent

with blood flow, it is beneficial to take the depositions away from the vessel wall. However, if the WSS

direction oscillates frequently, it is easier to form depositions over one location of vessel wall. According

to the literature [47], the critical value of OSI is 0.1. When it is higher than 0.1, the possibility of

deposition will be highly increased.

OSI = 0.5 × (1.0 −
|
∫︁ T

0 WSSdt|∫︁ T

0 |WSS|dt
) (3.2)

Relative residence time (RRT)

The definition of RRT is introduced in equation (3.3). The RRT value relies on the effects of OSI

and TAWSS. High RRT value indicates more opportunity to deposit on the vessel wall.

RRT = [(1 − 2.0 × OSI) × TAWSS]−1 (3.3)

3.4 Results analysis in 2D case

2D model is established focusing on the effect of cross section geometry of strut on flow disturbance.

As shown in Figure 3.11, recirculations are formed both upstream and downstream the strut due to

the existence of stent geometry. Definitions of recirculation size are made horizontally and vertically

termed as LpV , LdV , LpH and LdH representing proximal vertical length, distal vertical length, proximal

horizontal length and distal horizontal length. All the definitions of recirculation length are determined

by the point where the wall shear stress is close to 0.
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Figure 3.11: The definition of recirculation size upstream and downstream

In Figure 3.12, the recirculation lengths upstream and downstream are plotted at different pulse

rates in one cycle. The horizontal lengths of recirculation upstream and downstream are plotted in

Figure 3.12-(a). The variations of horizontal length upstream and downstream are nearly reversible to

each other in one cycle. When T/Tp = 0.5 corresponding to the peak flow rate, the maximum horizontal

length downstream is obtained, by contrast the minimum horizontal length upstream is observed. Larger

flow rate contributes to stronger inertial force which inhibits the formation of recirculation upstream and

promotes the formation of recirculation downstream. Therefore, with the increase of pulse rate, the

horizontal length upstream is decreased and the horizontal length downstream is increased. Apparently,

the horizontal length downstream is more affected by the pulse rate comparing to horizontal length

upstream. Figure 3.12-(b) describes the vertical length upstream and downstream. It is found out

that the vertical length upstream varies more rapidly comparing to vertical length downstream which is

greatly confined by the height of stent.

(a) Horizontal (b) Vertical

Figure 3.12: Recirculation length at different pulse rates

As observed above, the recirculation formation is strongly related to the presence of stent geometry

intruded into the blood domain, the concerned design factors of stent geometry are necessary to be

considered thoroughly. Thus, instead of one singular strut, two struts with different strut spacings are

considered as shown in Figure 3.13. The strut spacing is defined as D. In the present study, D equals to

a, 3a and 5a (a = 0.1 mm) respectively. The other geometrical parameters and mathematical conditions

keep unchanged. The streamlines and shear stress distributions have been investigated around the struts

affected by the strut spacing and pulse rate.
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Figure 3.13: The stent geometry with two struts

In Figure 3.14, the distributions of shear stress and velocity vectors around the struts are both

displayed at different strut spacing when the pulse rate is 75 bpm and t = T/2. The formation of

recirculation is observed and varied at different strut spacing. Focusing on the region between the

two struts, When D = a, one recirculation is formed without attachment points. When D = 3a, two

recirculations are formed but still there are no attachments between struts. With a further increasing

of strut spacing to D = 5a, attachment points start to be located between struts with two independent

recirculations. The low value of shear stress below 0.5 Pa always resides in the recirculation region

contributing to the potential sites of deposition.

(D = a)

(D = 3a)

(D = 5a)

Figure 3.14: Velocity vector and shear stress distribution (Pa) around the stent at different strut spacing
when pulse rate is 75 bpm and t = T/2

In Figure 3.15, the wall shear stress between struts is studied quantitatively at different strut spacings

and different pulse rates. With the increase of pulse rate, higher wall shear stress is obtained under

different strut spacing. When D = a, there is no point where wall shear stress equals to 0. With the

increasing of strut spacing to D = 5a, the points where wall shear stress close to 0 are observed. The

first attachment point downstream the first strut tends to be more affected by the pulse rate compared

to the second attachment point. Taking the case of D = 3a as an example, the influences of pulse rate

on distribution of shear stress and velocity vectors around two struts have been studied in Figure 3.16
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when t = T/2. It is notable that larger value of wall shear stress will be found along with larger pulse

rate, especially in the downstream region which is influenced more by the inertial force.

D = a D = 3a D = 5a

Figure 3.15: Wall shear stress distribution along the wall between struts at different strut spacings and
different pulse rates at t = T/2

60 bpm

75 bpm

100 bpm

120 bpm

Figure 3.16: Velocity vectors and wall shear stress distribution (Pa) around the stent at different pulse
rates when t = T/2 and D = 3a

Space-averaged WSS along the wall between struts is studied here as another view to analyse the

effect of strut spacing at different pulse rate as shown in Figure 3.17 when t = T/2. It is observed

the space-averaged WSS is positively affected by the pulse rate, even though the variation rate alters

at different strut spacing. Larger strut spacing can bring higher space-averaged WSS. When D = a,
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the space-averaged WSS varies slowly with the increasing of pulse rate compared with the other two

conditions. Moreover, the largest variation rate of space-averaged WSS versus pulse rate is found when

D = 3a. This phenomenon greatly depends on the vortice state between struts. As observed in Figure

3.14, When strut spacing is increased into 3a, the vortice number is developed into two from one without

attachment points. Correspondingly, the sensitivity of space-averaged WSS to pulse rate is significantly

increased from case of D=a to D=3a. However, along with the appearance of attachment points (D = 5a)

the sensitivity is decreased which is affected by the non-recirculation section.

Figure 3.17: Averaged wall shear stress between the struts versus the pulse rate at different strut spacing
when t = T/2

In Figure 3.18 the space-averaged WSS versus strut spacing is investigated under different pulse rates

when t = T/2. Instead of linear relationship between space-averaged WSS and pulse rate shown in figure

above, non-linear relationship of space-averaged WSS versus strut spacing is observed. Focusing on the

variation from D = a to D = 3a, increased pulse rate brings larger variation rate, however, when the

strut spacing is increased from D = 3a to D = 5a, the variation rate is decreased with larger pulse rate.

Thus, in our cases, it can be concluded that higher space-averaged WSS will be obtained with higher

pulse rate and larger strut spacing.

Figure 3.18: Averaged wall shear stress between the struts versus the strut spacing at different pulse
rate when t = T/2
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3.5 Results analysis in 3D case

In addition to focusing on the effect of strut cross section on flow topology in 2D case above, the

global hemodynamic distribution on vessel wall has been investigated by means of 3D model taking into

account the geometrical complexity of stent both in steady and unsteady cases.

3.5.1 Steady flow

In steady case, the effect of inlet mean velocity on the wall shear rate distribution around stent is

studied in Figure 3.19. Three different inlet velocities are investigated: 0.1 m/s, 0.158 m/s and 0.2 m/s.

With the increasing of inlet mean velocity, the global distribution of wall shear rate gets increased, even

though the existence of stent causes low value region near the strut. At the vicinity of strut the wall

shear rate is obviously under 140 1/s corresponding to WSS of 0.5 Pa, which brings more possibilities

to deposit on vessel wall. In addition, with the increase of inlet mean velocity the low value region will

decrease which can be further verified in the following studies. Larger velocity means the inertial force

will be more dominating which can offset the effect of stent intrusion into lumen to some extend.

V0 = 0.1 m/s

V0 = 0.158 m/s

V0 = 0.2 m/s

Figure 3.19: Wall shear rate distribution under different inlet mean velocities

Subsequently, WSS-based descriptors as another view have provided evaluations of stent performance.

Figure 3.20 shows the wall shear stress gradient (WSSGs) in space around stent at different mean

velocities. It can be seen the existence of stent causes large value of WSSGs at the vicinity of struts,

especially at the corners formed by the struts. With the increase of mean velocity, WSSGs near the stent

will be significantly increased. Referring to the literature [47], when WSSGs is larger than 200 Pa/m,

the deposition is more prone to be formed which is obviously observed at the vicinity region of strut in

our case.
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V0 = 0.1 m/s

V0 = 0.158 m/s

V0 = 0.2 m/s

Figure 3.20: Wall shear stress gradient in space distribution under different inlet mean velocities

Specific to the pressure distribution around stent at different mean velocities which is shown in Figure

3.21. Along the flow direction (z axis), the pressure is decreased globally from upstream to downstream

of stent. With the increase of mean velocity, the overall pressure distribution gets increased. As for

the details of hemodynamic variation affected by stent, the following quantitative analysis has been

presented.

V0 = 0.1 m/s

V0 = 0.158 m/s

V0 = 0.2 m/s

Figure 3.21: Pressure distribution under different inlet mean velocities

77



Chapter 3. Blood flow through coronary artery treated by stent

Along z axis, an extraction of lines is made as shown in Figure 3.22. The lines can be divided into

two parts because of the existence of struts. In order to see the spacial location of lines, the projection

of lines on the lateral surface is shown with the red point. The distance between the red point and the

radial vessel wall is defined as S, and the following research will be carried out with different values of

S: 0.025 mm, 0.05 mm, and 0.075 mm.

Figure 3.22: Schematic of spacial line extraction in artery

In Figure 3.23, the velocity along lines at different locations and different inlet mean velocities is

studied. It is observed that the increased values of S and inlet mean velocity both contribute to larger

velocity along the line. Increased value of S means to be closer to the flow center with larger velocity.

Two peak values can be observed located beside the strut joint separately with similar profile, even

though a slight decrease can be noticed of the second peak compared to the first one.

V0 = 0.1 m/s V0 = 0.158 m/s

V0 = 0.2 m/s

Figure 3.23: Velocity along line at different locations when V0 = 0.1 m/s, 0.158 m/s, 0.2 m/s.

Following the analysis of velocity along the extracted line, the wall shear rate is studied as well when

S = 0 at different Re number as shown in Figure 3.24. With the increasing of Re number, the wall shear

rate gets increased. The low value regions where the recirculation resides can be observed located near
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the strut region. In addition, comparing these low value regions the wall shear rate distal to one strut

is larger than the wall shear rate proximal to the strut. The reason is that the existence of strut can

increase the inertial force of flow downstream.

Figure 3.24: Wall shear rate along the line at different Re number

The pressure distribution along the lines at different Re number is plotted in Figure 3.25. With the

increasing of Re number the pressure along the lines will be increased globally. The existence of strut has

divided the line into two parts: upstream part and down stream part and the difference between these

two parts is getting larger with increased Re number. When the flow passes over one strut, a significant

pressure decrease is observed between upstream and downstream. Except for the pressure leap in the

near regions of strut affected by the disturbed flow, the pressure tends to be decreased gradually.

Figure 3.25: Pressure along the line at different Re number

Figure 3.26 displays the wall shear rate distribution on the cross section extracted along the red line

at different inlet mean velocities. Focusing on the strut regions, the peak value of wall shear rate is

obtained on the top surface of strut and is increased with larger inlet velocity. The low value of shear

rate affected by the strut spacing resides beside the struts.

Considering the geometrical factor of stent, the effect of strut thickness on hemodynamics is studied.

The wall shear rate distribution is shown in Figure 3.27 at different AR value of 1, 2 and 4 corresponding

to the strut thickness of 0.1 mm, 0.05 mm and 0.025 mm. With the increase of AR, the overall distribution

of wall shear rate gets increased and the low value region near the strut gets decreased. The coming flow

gets less influenced passing through thinner strut and easier to recover afterwards. Thus it is consistent

with the literature that thinner strut can be more beneficial to optimize the stent performance.
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Figure 3.26: Shear rate distribution on cross section along the red line at different Re number (unit:
1/s)

Figure 3.27: Wall shear rate distribution at different AR with V0 = 0.158m/s

80



3.5. Results analysis in 3D case

In order to make the quantitative analysis of wall shear rate distribution affected by the strut thick-

ness, Figure 3.28 plots the wall shear rate along lines on the vessel wall at different AR values. The

lines can be divided into two parts due to the existence of strut: part one (on the left) and part two

(on the right). With the increase of AR value, the wall shear rate along the lines is increased, however,

the variation tends to be smaller. With larger AR value, the wall shear rate distribution along the lines

tends to be more flat because of less disturbance. Comparing the wall shear rate along lines of these two

parts, the difference is smaller as well with larger value of AR.

Figure 3.28: Wall shear rate along the line at different AR with V0 = 0.158m/s

Figure 3.29 shows the pressure distribution at different AR values. Along the flow direction (z axis)

the pressure is gradually decreased even though the disturbance exists near struts. With the increase of

AR value the pressure drop before and after the stent is getting smaller, which can be further explained

by Figure 3.30. In Figure 3.30 the pressure along the lines between struts on the wall is displayed. With

the increase of AR value, the pressure upstream strut tends to be unchanged, however, the pressure

value downstream the strut is clearly increased. Then the pressure drop over one strut is decreased with

larger AR.

Figure 3.29: Pressure distribution at different AR with V0 = 0.158m/s
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Figure 3.30: Pressure along the line at different AR with V0 = 0.158m/s

As mentioned above wall shear stress gradient in space (WSSGs) is one of the WSS-based descriptors,

thus the effects of different AR values on WSSGs are studied in Figure 3.31. Higher WSSGs has been

observed to be located at the vicinity of struts. With the increasing of AR value, the WSSGs near the

strut gets obviously increased, but the region of high WSSGs is getting decreased.

Figure 3.31: WSSGs distribution at different AR with V0 = 0.158m/s

3.5.2 Pulsed flow

Blood flow is a typical pulsatile flow, thus the wall shear rate distribution on vessel wall at different

time instants is investigated in Figure 3.32 with unsteady inlet flow. Similar with steady case above, the

low value of wall shear rate is always located in the near region of stent. It is noted that the maximum

and minimum wall shear rate distributions are obtained which is positively proportional to the flow

velocity. As noticed the velocities at t = T/4 and t = 3T/4 are the same corresponding to point 2 and

point 4, however, the wall shear rate distribution at these two points tend to be quite different which is
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affected by the flow pulsation. Thus, in view of the influence of flow pulsation, the steady case is not

sufficient.

Figure 3.32: Wall shear rate distribution at different time instants in one cycle with AR=1

In order to study further the flow disturbance near stent, the streamlines based on colored wall shear

rate distribution have been investigated taking the case of t = 3T/4 as an example shown in Figure 3.33.

An extraction has been made through the black box and the streamlines within distance of 0.01 mm

from wall upstream the stent have been traced. It’s found that a good consistence between the disturbed

streamlines and the low value region of wall shear rate has been observed.

Figure 3.33: Streamlines around stent with wall shear rate background at t = 3T/4
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WSS-based descriptors are studied afterwards focusing on the effects of different aspect ratio (AR)

of stent. Figure 3.34 shows the time-averaged wall shear rate distribution in one cycle with strut of

different AR of 1, 2 and 4. Similarly, the low value of wall shear rate in the near region of strut below

140 1/s is observed corresponding to the wall shear stress below 0.5 Pa. With the increase of aspect

ratio, the wall shear rate will be increased, and the low value region of wall shear rate is decreased as

well which is consistent with steady case. Lower height of strut intruded to lumen significantly reduces

the low value region of wall shear rate which is consistent with that in 2D cases which concluded that

the flow disturbance is greatly restricted by the height of stent. Thus the height of strut should be an

important consideration for the geometrical optimization of stent.

AR = 1 AR = 2 AR = 4

Figure 3.34: Time averaged wall shear stress distribution in one cycle at different aspect ratio of strut

In Figure 3.35, the distribution of oscillatory shear index (OSI) is displayed at different AR of strut.

The definition of OSI has been explained in equation (3.2) above representing the deflection of WSS

vector from the predominant direction of blood flow during cardiac cycle. When OSI > 0.1, it is more

prone to deposit the fatty particles on the wall because of the frequent oscillation of the WSS direction.

As seen in the Figure 3.35, the larger value of OSI is discovered at the vicinity of strut and the high

value region is decreased with larger AR. It should be notable that in our case the OSI is always below

the high limit of 0.1.

AR = 1 AR = 2 AR = 4

Figure 3.35: Oscillatory shear index distribution in one cycle at different aspect ratio of strut

Figure 3.36 shows the relative residence time (RRT) distribution at different aspect ratio of strut.

Through the definition of RRT discussed in equation (3.3), the value of RRT relies on the effects of

OSI and TAWSS. High value of RRT means more possibilities to deposit on the vessel wall. As seen

in the Figure 3.36, the variation of RRT over stent tends to decrease with higher aspect ratio as RRT

value is increased upstream and decreased downstream. A slight leap of RRT can be observed especially

downstream the stent and the phenomena is weakened with increased AR.
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AR = 1 AR = 2 AR = 4

Figure 3.36: Relative residence time distribution in one cycle at different aspect ratios of strut

Figure 3.37 shows the wall shear stress gradient in space (WSSGs) distribution at different aspect

ratio of strut. Similar with steady case, the high value of WSSGs is observed around the stent far beyond

200 Pa/m which indicates that deposition is more prone to be formed in the near region of strut. This

phenomena is more obvious with lower aspect ratio.

AR = 1 AR = 2 AR = 4

Figure 3.37: Wall shear stress gradient in space (WSSGs) distribution in one cycle at different aspect
ratio of strut

3.6 Conclusion

In this chapter, an insight of interaction between stent performance with different design factors

and hemodynamic variations has been presented both in 2D and 3D cases of blood flow in coronary

artery. Different design factors have been investigated and identified to directly affect the flow behavior

and variations of hemodynamic parameters play a crucial role to evaluate the stent performance. Flow

topology and hemodynamic variations have been both focused based on the evaluations of WSS-dased

descriptors. The results reveal that the formation of recirculations beside the struts can be observed

and greatly affected by the pulse rate and stent geometry. Focusing on the size of vortices formed

upstream and downstream the strut, the horizontal length of recirculation downstream remains higher

sensitivity to the pulse rate due to the less confined inertial force. In contrast, the vertical length of

recirculation downstream is less sensitive to the pulse rate which is limited by the strut height. Despite

the effects of one single strut on recirculations, the interspace between two struts is introduced as one of

the most important design factors and it’s agreed that larger strut spacing is beneficial to improve the

stent performance with increased wall shear rate. Based on the analysis in 2D study, the investigation

has been further extended to the 3D study with practical stent geometry. Aspect ratio concerning the
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Chapter 3. Blood flow through coronary artery treated by stent

height of the strut has been introduced and the effects on hemodynamic variations have been studied.

Larger AR of stent means less strut height intruded into lumen leading to less flow disturbance as the

low value of wall shear rate tends to be located at the recirculation region. Thus with the increase of

AR, the low value region of wall shear rate and high value region of WSSGs located near struts are

both decreased which are consistent between steady and unsteady cases. Moreover, strut of high AR is

beneficial to reduce the region of high RRT and OSI which can easily result in deposition, as well as the

pressure drop before and after the stent. However, even though it is consistent that the inlet velocity is

positively related to the wall shear rate distribution both in steady and unsteady cases, the influences of

flow pulsation considered in unsteady case make differences of the results.
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Drug transport from DES and experimental

validation
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4.1 Introduction

As chapter 3 established the coupling between blood flow and stent performance with different design

factors, a better understanding of hemodynamics affected by the stent geometry has been achieved. In

this chapter, a further step has been taken by considering the drug-eluting stent (DES) with the additional

mass transfer physics as the DES has attracted high attention from researchers with effective performance

progress. Thus the coupling between flow mechanics and mass transfer from stent has been carried out

in this chapter.

The development of DES is a significant breakthrough for the treatments of cardiovascular disease

with the reduction of restenosis occurrence approximately from 20% to 5% compared to BMS. The

drug loaded polymer on the stent surface helps to inhibit the cell proliferation and inflammation along

with the drug release after stent implantation. However, the further widespread use of DES has been

limited by the late follow-up thrombosis. Thus the stent optimization has been the hot issue among

the researchers who are interested in focusing mainly on investigations of drug release mechanisms

and influential factors on performance improvement of DES. Among the published articles about DES,

numerical investigations have been more commonly conducted, however, a shortage of experimental

validation works exists in the current research state. Therefore, in order to move forward and contribute

87



Chapter 4. Drug transport from DES and experimental validation

to the current research data both numerical and experimental investigations have been considered here.

Numerical studies in 2D model have been extensively carried out compared to the simplified 1D and more

complicated 3D in literature. Moreover, an adequate understanding of concerned mechanisms regarding

drug transport in artery is the key point to establish the proper models. Thus before the implementation

of modeling establishment, the physics relevant to mass transfer from DES should be considered and

discussed carefully in the first place. A number of different influential factors on mass transfer have been

taken into account among the existing literature such as the polymer properties, the drug properties,

the flow characteristics and the geometrical designs of stent. However, in view of DES optimization

more works are still highly required in order to better understand the internal mechanisms and settle

the confusions along with the fact that some opposite results exist in literature.

In this chapter, physics of drug transport in coronary artery have been introduced in order to have

a good foundation for the following establishment of numerical and mathematical models. 2D model of

DES in coronary artery has been built in this research based on the validation that the drug concentration

in tissue tends to be symmetrical radially in 3D model and a good fitting of drug concentration in polymer

has been achieved between 2D and 3D cases. Mass transfer process from DES into lumen and tissue has

been investigated with considerations of different controlling parameters. The effects of disturbed flow

on drug concentration have been discussed as well. In addition to the numerical works, experimental

works have been carried out in order to contribute to the lack of experimental validation in literature.

The drug release process from polymer into lumen has been mainly focused with different initial drug

concentrations. A prediction of drug diffusion coefficient in polymer has been achieved based on the

experimental data contributing to the validation between numerical and experimental results.

4.2 Modeling characteristics regarding drug transport from DES

Investigations regarding drug transport from DES in arteries have been paid wide attention from

researchers since the last two decades. Numerical study as a research tool has been commonly used to

better understand the physics and give appropriate predictions to the practical trials. However, a good

understanding of concerned physics is the key step to establish the proper mathematical models. Thus

in this section, the physics and mechanisms of drug release from polymer into lumen and tissue have

been introduced. The corresponding models for different physics has been discussed and established.

4.2.1 Physics of drug transport in coronary artery

Through the existing investigations [94, 166], it is known that the mass transfer from DES in artery

involves three domains: lumen domain, polymer domain and tissue domain. Accordingly, in order to

have a thorough view of the related physical activities of drug transport, Figure 4.1 [167] has displayed

the main drug transport mechanisms in lumen domain, non-degradable polymer and the biological tissue

separately. With the blood flow from lumen domain permeating into the polymer, the initial state of solid

drugs in polymer will be broken along with the drug dissolution process in flow. Then the free (dissolved)

drugs are generated out of solid drugs and can be diffused into lumen and tissue. However, the solid drugs

don’t diffuse. Thus the main physics in polymer domain are drug dissolution and diffusion. Degradation

need to be considered as well if in the case of degradable polymer. With the polymer degradation, erosion

process starts to happen generating some smaller products diffusing out of the polymer. Pores will be

formed inside the coating. Consequently, the drug diffusion is accelerated as a result of the liquid-filled

pores. As for the biological tissue, it concerns more complicated chemical activities despite the physical
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activities. When the dissolved drugs released from polymer are diffused into the tissue, part of the drugs

will be binded due to the existence of chemical sites. Binding happens when the drug molecules and

binding sites hit each other due to diffusion forces in tissue. The binding drugs no longer diffuse and

can not be transported by the plasma. In contrast, the unbinding drugs are controlled by the diffusion

and convection. A good understanding of drug transport mechanisms play the key role on modeling

establishment. Based on the theoretical analysis, the considerations of mass transfer modeling in each

domain have been discussed as follows.

Figure 4.1: Schematic diagram of drug transport mechanism from DES into tissue and lumen [165]

• Drug transport in blood domain

As discussed above, drug diffusion and convection are both concerned due to the presence of blood

flow in lumen domain. Referring to the literature [168, 169], Fick’s law has been commonly adopted to

describe the mass transport process. In equation (4.1), the governing equation is displayed covering both

mass diffusion and convection mechanisms.

∂cf

∂t
+ uf · ▽cf = Df ▽2 cf (4.1)

Where cf is drug concentration in flow domain, mol/m3; u is blood velocity, m/s; Df is diffusion

coefficient in flow, m2/s.

Among the investigations of drug transport from DES, the blood flow is widely considered as steady

flow instead of pulsed unsteady flow. As mentioned in Chapter 1, P.R.S. Vijayaratnam et al. [89]

approved that the flow-mediate drug transport can be neglected. Figure 4.2 shows the distribbution

of drug concentration in the cases of steady blood flow (a) and unsteady blood flow (b). Similar drug

distribution field can be observed in these two conditions. Thus, the adoption of steady flow is sufficient

in the following research.

(a) (b)

Figure 4.2: Distribution of drug concentration in steady (a) and unsteady (b) case of blood flow [89]
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• Drug transport in tissue domain

In biological tissue domain, both physical and chemical activities are concerned including drug dif-

fusion and convection as well as drug binding process with chemical sites. Among the established mass

transfer models in tissue, diffusion-convection-reaction model has been put forward to better describe

the drug transport physics and the chemical reactions as shown in equation (4.2) [94].

∂ct

∂t
+ ut · ▽ct = Dt ▽2 ct + Ri (4.2)

Where ut is the flow velocity in tissue, m/s. ct is drug concentration in tissue, mol/m3. Dt is the

diffusion coefficient in tissue, m2/s. The reaction term Ri accounts for the binding and unbinding process

of drug transport in tissue. Several different models of Ri can be found. A general expression used is

shown below:

Ri = − 1
fcb

∂cBD

∂t
(4.3)

In this expression, it considers the negative creation rate of binded drug concentration termed as

cBD, mol/m3. fcb is defined as the ratio of the initial drug concentration in polymer to the maximum

binding site density in tissue. In recent literature another two models describing the binding reaction in

tissue have been put forward. One is the equilibrium models [169,170]:

Ri = (k − 1)∂cUB

∂t
(4.4)

Where k stands for the total binding coefficient. cUD is the unbinded drug concentration, mol/m3

and in this case ct = cUB . Another one is called dynamic model describing a reversible binding pro-

cess [171]:

cUD
kb−−⇀↽−−
ku

cBD

Where kb and ku stand for the association rate (binding) and dissociation rate (unbinding) respec-

tively. Besides the drug binding to the specific chemical sites, non-specific binding process also exists

due to the drug association with membrane constituents or trapped drug in the extracellular medium

and has been not considered in the current research.

A second-order model is used to describe the dynamic model for reversible binding process:

Ri = −∂cBD

∂t
= ϕ−1kbcUD(Bmax − cBD) − kucBD (4.5)

Bp is the binding potential, Da0 is called Damköhler number related to the porosity and binding site.

ϕ is the tissue porosity. Bmax is the density of binding site.

As shown in Figure 4.3 [167], the unbinding (a) and binding (b) drug concentration profile in tissue

have been studied separately at three different time instants. It is found that the unbinding drug

concentration (4.3-(a)) is two orders smaller compared to the binding drug concentration (4.3-(b)) with

similar profile. Thus based on the significant difference between the magnitude of binding and unbinding

drugs, the partition between binding and unbinding drugs has been neglected as we mainly focus on the

total drug concentration in the tissue.
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(a) (b)

Figure 4.3: Nondimensional concentration profiles at three times for unbinding (a) and binding drug (b)
[165]

In addition, as the flow filtration speed in tissue is in the order of 10−10 m/s [80] and the diffusion

coefficient of paclitaxel used in the present study is Dt = 10−13 m2/s in tissue with thickness of e = 0.5
mm [97,172], the flow convection is neglected based on the Peclet number shown in equation (4.6). Peclet

number is a type of dimensionless number describing the transportation phenomenon and represents the

ratio between convection transport and diffusion transport. As the value of Pe is approximately in the

order of 10−1 in our case, the diffusion keeps the dominant role in tissue. Thus the influence of convection

is not considered here and the governing equation for mass transfer in tissue is defined in equation (4.7).

Pe = eut

Dt
≈ 10−1 (4.6)

∂ct

∂t
= Dt ▽2 ct (4.7)

Subsequently, the characteristic time of drug transfer can be estimated separately in tissue and lumen

domains along with the parameters of Dt = 10−13 m2/s, tissue thickness of e = 0.5 mm, strut length of

DES a = 0.1 mm and average flow velocity of uf = 0.16 m/s. As calculated in the following equations,

the drug transport time in blood domain (tf ) is far less than that in tissue (tt). Thus, the drug transfer

in tissue is dominant compared to that in blood.

tt ≈ e2

Dt
= 29 days (4.8)

tf ≈ a

uf
= 6.25 · 10−4 s (4.9)

• Drug transport in polymer domain

Drug dissolution and diffusion are the main mechanisms in polymer as we consider the non-degradable

case. The dissolution process is schematically represented by:

b
β−→ c
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Where b is the solid drug concentration and c is the dissolved drug concentration. β is the dissolution

rate.

Polymer as the drug carrier plays a key role on the drug release rate. In general, Fick’s law of

diffusion was used to give the fundamental description of mass transport from polymer as the drug

solubility in flow is over the maximum drug concentration in polymer. Thus all the drugs are capable to

be at dissolved state since the flow intrudes the polymer instantly. In this case the diffusion controlled

equation is adopted in polymer similar with the tissue as shown below:

∂cp

∂t
= Dp ▽2 cp (4.10)

Where cp is drug concentration in polymer, mol/m3. Dp is drug diffusion coefficient in polymer,

m2/s.

4.2.2 Validation of 2D model establishment

Among the investigations regarding drug transport from DES, 2D models have been more widely

established compared to 3D models. In this part we aim to verify if the 2D model established in our

case will be reasonably sufficient. The commercial software Comsol of version 5.1 has been utilised in

this study. As can be seen in Figure 4.4, the axisymmetric 3D geometrical model of artery has been

established with a single circular DES corresponding to the 2D model shown in Figure 4.4-(b). The cross

section of the stent is square with height of 0.1 mm. The radius of artery is 1.75 mm, the thicknesses of

polymer and tissue are 0.05 mm and 0.5 mm separately. The artery lengths before and after stent are 4

mm and 6 mm respectively in order to make sure the geometrical independence.

• 3D geometrical model

(a) 3D geometrical model of artery with DES

(b) 2D geometrical model of artery with DES

Figure 4.4: Establishment of geometrical model of artery with DES
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• Mesh distribution

The mesh has been generated with tetrahedral mesh elements in Comsol. In order to make sure

the mesh independence, four mesh sizes of 1556931, 3829422, 5181389, 8766130 have been established

through the drug concentration in polymer. As shown in Figure 4.5, after the third point the accuracy

of drug concentration in polymer can be controlled under 3%. Thus the mesh size of 5181389 has been

finally selected as shown in Figure 4.6.

Figure 4.5: Study of mesh independence regarding volume averaged drug concentration in polymer after
1 day

Figure 4.6: 3D mesh distribution of artery with DES

• Mathematical model and boundary conditions

The blood flow is considered as incompressible and Newtonian fluid through the coronary artery with

rigid wall. Thus the density and the dynamic viscosity are constant: ρ = 1060 kg/m3, µ = 0.0035 Pa · s.

Accordingly, the governing equations for the blood domain follow the mass conservation equation (4.11)

and momentum equation (4.12) in steady case. The inlet boundary condition is given a sectional mean

velocity: V0 = 0.2 m/s following parabolic velocity profile. At outlet the pressure is imposed to be 0 Pa.
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▽ · V = 0 (4.11)

ρ
∂V

∂t
+ ρV · ∇V = −∇p + µ ▽2 V (4.12)

Concerning the drug transport, as discussed above the governing equation in lumen including drug

diffusion and convection has been employed shown in equation (4.13). In the tissue and polymer domains,

only drug diffusion is considered following equation (4.14).

∂c

∂t
+ ▽ · (−D ▽ c) + u · ▽c = 0 (4.13)

∂c

∂t
+ ▽ · (−D ▽ c) = 0 (4.14)

Where c represents the drug concentration (mol/m3), D represents the diffusion coefficient (m2/s).

In our case with drug paclitaxel, the diffusion coefficient in polymer and tissue is Dp=Dt=10−13 m2/s

[172–174], in lumen domain the drug diffusion coefficients is Df=10−10 m2/s [82].

The boundary conditions have been described below: a zero drug concentration is given at the inlet of

blood domain, the drug flux along z axis is considered to be 0 at the outlet. For the tissue domain, a zero

drug concentration is imposed both at the two lateral boundaries and there is no drug flux through the

outer boundary of tissue. A continuous drug flux is considered through the interfaces including the blood-

tissue interface, blood-polymer interface and polymer-tissue interface. The initial drug concentration in

polymer is 100 mol/m3, however, the initial drug concentration is set to be 0 both in blood domain and

tissue domain.

cf |inlet = 0,
∂cf

∂z
|outlet = 0

Df ▽ cf = Dt ▽ ct (Blood-tissue interface)

Dp ▽ cp = Dt ▽ ct (Polymer-tissue interface)

Df ∇cf = Dp∇cp (Blood-polymer interface)

∂ct

∂r
|perivascularwall = 0

c|z=0 = c|z=L = 0 (Lateral boundaries of tissue)

c = 100 mol/m3 (Initial drug concentration in polymer)

• Comparisons of mass transfer between 2D and 3D cases

In order to investigate if 2D model is sufficient to study the mass transfer process compared to 3D

model, the drug concentration in tissue along the azimuthal direction has been studied as shown in

Figure 4.7. A dimensionless parameter is introduced and defined as relative difference=
|caverage−c|

caverage
· 100.

The circular line in tissue is located at the middle location of stent with a constant radius of 1.85 mm.

c represents the drug concentration along the line, caverage is the averaged drug concentration along

the circular line. Through Figure 4.7, it is observed that the drug concentration can be considered to

be constant along the circular line in tissue with the relative difference around 1%. Thus the results

obtained here are in favor of establishment of 2D model.
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Figure 4.7: Drug concentration along line in tissue after 1 day

In addition to the drug concentration in tissue, the drug concentration in polymer has been focused

as well. Figure 4.8 shows the relative difference of drug concentration in polymer versus time between 2D

and 3D cases defined as relative difference=
|c2D

p −c3D
p |

c3D
p

·100. c2D
p and c3D

p represent the drug concentration

in polymer for 2D and 3D cases separately. Meanwhile, an inset has displayed the drug release profile

along with the time both in 2D and 3D cases. It can be observed that the relative difference regarding

drug concentration in polymer is around 2% even though a peak value of around 6% exist when t=0.1

d. Through the inset figure, the normalized drug concentration in polymer within 0.8 day has been

presented. Similar drug release profile is observed complying the same drug release duration for 2D and

3D cases. Therefore, based on the results in Figure 4.7 and 4.8, it is sufficient to consider the drug

transport in 2D model for the present study.

Figure 4.8: Comparison of drug release from polymer versus time between 2D and 3D cases
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4.3 Mass transfer from DES in 2D case: Control parameters study

With the validation of 2D artery model with DES, the following investigations have been carried out

based on the 2D model establishment. Drug release and transport from polymer into lumen and tissue

domains have been studied aiming to have a better understanding of mass transfer mechanisms in artery.

Moreover, in view of DES performance improvement, a controlling parameter study has been considered

with different polymer thickness, different strut location and different diffusion coefficient in polymer.

4.3.1 2D Modeling establishment and methodology

Figure 4.9 shows the 2D geometrical model of artery treated by DES. Three domains are included:

blood domain (Ωb), tissue domain (Ωt) and polymer domain (Ωp). Three struts of square shape with

length of 0.1 mm are considered with a polymer thickness of 0.05 mm. The distance between central

position of struts is 0.7 mm. The radius of artery is 1.75 mm which is consistent with coronary artery.

The thickness of artery wall is 0.5 mm. The artery lengths before and after the stent adopt 4 mm and

6 mm separately in order to make sure the geometrical independence.

Figure 4.9: 2D geometrical model of artery with drug eluting stent (mm)

The mathematical model and boundary conditions regarding blood flow and drug transfer remain

the same as discussed above. Thus, following the geometrical and mathematical models, the mesh

independence has been studied in Figure 4.10 based on the normalized drug concentration at one point

in tissue versus different mesh elements. Four different mesh sizes have been studied: 46630, 63470,

93125, 161513. As can be seen that the accuracy can be controlled under 1% after the third point. Thus,

the final mesh distribution is finally determined based on the third mesh size as shown in Figure 4.11.

Figure 4.10: The study of mesh independence
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Figure 4.11: 2D grid distribution around the stent

4.3.2 Results analysis of drug release from DES

• Reference state

In order to acknowledge the drug transport process, the drug concentration in tissue domain from

DES has been investigated at different time instants shown in Figure 4.12. At the beginning of drug

transport, the drug distribution tends to be symmetrical around each stent independently. Within one

day, the blood flow in lumen has no longer affected drug release from polymer as there is no drugs in the

polymer exposed in the flow. Along with time going, in 3 days the peak values of drug concentration are

observed under each location of struts, and the drug distribution tends to be more interacting between

struts. Until 8 days the peak values of drug concentration have disappeared, and the drugs are distributed

more evenly along the horizontal direction. In 40 days, all the drugs are totally gone in tissue.

Figure 4.12: Drug concentration at different time instants

Figure 4.13 plots the drug concentration along lines in tissue horizontally and vertically at different

time instants. As can be seen in Figure 4.13-(a), three peak values corresponding to the location of

struts are observed especially when t=1 d and the drug concentration around each strut tends to be
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symmetrical. Along with time going, the peak values are weakened because of diffusion process in tissue

and the drug exhaust in polymer. The drug distribution tends to be more homogeneous horizontally.

When focusing on Figure 4.13-(b), the drug concentration along vertical line in tissue is plotted at

different time instants. It is shown that in one day’s diffusion, the drug has not been fully spread into

tissue. A big difference between top and bottom of tissue exists. With the proceeding of drug diffusion,

the difference of drug concentration along the line is significantly decreased in 3 days. When t=8 days,

larger drug concentration at the bottom can be observed compared to the top of the vertical line. The

results show us that the polymer plays a dominating role during the beginning period of diffusion, and

the influence is totally eliminated after around 8 days.

(a) (b)

Figure 4.13: Normalized drug concentration in tissue along lines horizontally (a) and vertically (b) at
different time instants

Specific to the drug concentration in the blood domain, Figure 4.14 displays the drug concentration

and velocity vectors around strut at different time instants. The formation of recirculation is observed

both upstream and downstream where the drugs are mainly located in blood domain. It is noticed that

the drug concentration in recirculation region is in the order of 10−2 which is far less than the initial

drug concentration in polymer. In two days all the drugs in recirculation region have been gone. Thus

it can be concluded that the effect of recirculation on drug transport can be neglected.

t=30 min t=1 h

t=1 d t=2 d

Figure 4.14: Drug concentration at different time instants (mol/m3)
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• Effects of different polymer thickness

Following the analysis of drug transport process in polymer, tissue and blood domain, the sensitivity of

drug transfer to different controlling parameters has been carried out. Figure 4.15 plots the normalized

drug concentration in tissue (a) and in polymer (b) versus time at different polymer thickness. As

observed in figure 4.15-(a), the drug concentration in tissue is significantly affected by the polymer

thickness. With the increasing of polymer thickness, larger drug concentration is obtained along time

and the occurrence of peak value is delayed as well but still within 1 day in our case. The peak value is

resulted from the initial drug accumulation from polymer. Afterwards, the drug concentration in tissue

is decreased as the drugs diffuses in tissue. Regarding figure 4.15-(b), similarly the drug concentration in

polymer is increased with the increasing of polymer thickness and the drug release time from polymer is

prolonged as well. The conclusion can be obtained that higher polymer thickness contributes to higher

drug concentration and the drugs can be maintained for a longer time in tissue. The reason for the current

results is greatly related to the contacting surface between polymer and tissue. Larger contacting surface

is beneficial to improve the stent performance.

(a) In tissue (b) In polymer

Figure 4.15: Normalized drug concentration versus time in tissue (a) and polymer (b) at different polymer
thickness

• Effects of different strut locations

Figure 4.16 shows the normalized drug concentration in polymer and tissue versus time at different

strut locations. As can be seen in Figure 4.16-(a), when the strut is half embedded into the tissue, the

drug release rate from polymer is decreased and the drug release time is prolonged compared to the non-

embedded case. Half embedded strut reduces the exposed polymer surface in the blood domain where

the effect of convection and diffusion is stronger. Focusing on the tissue domain as shown in Figure

4.16-(b), the normalized drug concentration keeps higher when the strut is half embedded into the tissue

and the drug retains for a longer time in tissue as well. Thus a good contacting between polymer and

tissue contributes to a better performance of the stent.
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(a) In polymer (b) In tissue

Figure 4.16: Normalized drug concentration in polymer (a) and tissue (b) versus time at different strut
locations

Along with the investigation of drug concentration affected by strut locations, Figure 4.17 plots

the wall shear stress within the strut region at different strut location in order to better evaluate the

influencing mechanisms of strut location in multiple view. When the struts are half embedded into the

tissue, the point where WSS equals to 0 can be clearly observed. However, when the struts are totally

exposed in the blood domain, there is no points formed where WSS equals to 0 and values of WSS below

0.5 pa are always obtained. These phenomena confirm the key role of strut height on stent performance

and also consistent with above observation.

Figure 4.17: Wall shear stress between struts at different strut location

• Effects of different diffusion coefficients in polymer

Diffusion coefficient acts the key role in mass transport. Drug loaded polymer as the source of mass

transfer can affect the DES performance with specific drug release rate. Diffusion coefficient in polymer

(Dp) depends on the choice of drug and also the polymer material properties and dominates the drug

release process. Thus the effects of different Dp on mass transfer have been studied. Figure 4.18 plots

the normalized drug concentration versus time in polymer (a) and tissue (b) at different Dp. Decreased

diffusion coefficient in polymer leads to the decreased drug release rate and prolonged release time as

observed in Figure 4.18-(a). Focusing on the mass transfer in tissue (Figure 4.18-(b)), it is seen that
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when Dp decreases from 1e-12 m2/s to 1e-13 m2/s, a higher drug concentration in tissue is obtained

and the occurrence of peak value is prolonged. However, when Dp decreases from 1e-13 m2/s to 1e-14

m2/s, the drug concentration in tissue is decreased compared to the case of Dp=1e-13 m2/s in 6 days.

The peak value is weakened and the variation after the peak value tends to be more flat. After 6 days,

a higher drug concentration in tissue can be found compared to the other cases. Therefore, with the

results here we can found that a smaller Dp is beneficial to prolong the drug retain time with a relatively

more even drug dosage versus time in tissue.

(a) In polymer (b) In tissue

Figure 4.18: Normalized drug concentration in polymer (a) and tissue (b) versus time at different diffusion
coefficients in polymer

4.4 Experimental validation about mass transfer from polymer

Along with the numerical investigations, experimental works are more interesting to be carried out

and to achieve the validation with numerical results. Among the existing investigations, validation works

between simulation and experiment regarding DES in artery are really limited which is greatly restricted

by the incomplete mathematical model considering the quite complicated biological physics. A few recent

articles regarding the validation works of DES can be found. P.R.S. Vijayaratnam et al. [89] validated the

symmetrical distribution of drug in tissue between numerical and in-vitro experimental results instead

of the quantitative comparison. C. M. McKittrick et al. determined the diffusion coefficient of drug in

polymer through fitting the drug release profile from polymer of in-vitro experiments. With the fitting

value of diffusion coefficients in polymer, a good validation has achieved for the drug concentration in

tissue between numerical and in-vivo experimental results. As can be seen through the limited validation

works, a big space is available here and needs to be filled up with more works and efforts.

In this section, experimental works are conducted focusing on the drug release from polymer film into

lumen, the tissue domain is not considered here. The experimental data is from the LIFSE team with

the closed research subject. The experimental material and methods have been introduced along with

the corresponding numerical and mathematical models establishment. Based on the experimental data,

a prediction of diffusion coefficient of drug in polymer has been worked out within initial drug dosage of

10% to 30% and validation has been achieved through the comparisons between numerical and in-vitro

experimental results.
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4.4.1 Test facility and experimental material

The components of experimental setup has been displayed in Figure 4.19 [175]. As observed, the

experimental system is consist of reservoir, inverter, feeding pipe, pump, valves and test tubes as well

as the flow and pressure sensors. The temperature controlled enclosure helps to make sure the stable

working temperature. The fluid prepared for the test is put in the reservoir. Along with the system on,

the power of pump will deliver the flow to the targeted test tubes through the feeding pipe. The pump

and inverter are used to perform the flow as static, continuous or pulsed. Valves are used to adjust the

flow rate. Flow and pressure sensors can help to monitor the working flow rate and pressure. As several

test tubes have been fabricated in this experimental system, the parallel tests can be made at one time.

Figure 4.19: Scheme of the test facility components [170]

The test vein is shown in Figure 4.20 with parallel test tubes. The test tube is fabricated as rectan-

gular. The length of flow channel is 130 mm and the cross section of channel is square shape with length

of 30 mm.

Figure 4.20: Test bench
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• Fluid property

In the current tests, water was used as the flow taking away the drugs from polymer. The density

and dynamic viscosity are respectively 1000 kg/m3 and 6.9e-4 Pa ·s. The flow rate is controlled to be 7.5

ml/s which corresponds to the flow rate of the internal carotid artery when one is at rest condition [175].

• Polymer material

Non-degradable polyurethane (PU) has been used as the carrier of drugs. Polymer samples with the

dimensions of 30×5×2 mm3 were prepared with a certain dosage of drugs (mass ratio of drug/(drug+polymer)):

10%, 20% and 30% separately. The drugs are homogeneously distributed in polymer and the polymer

film was fixed at the middle of flow channel contacting the bottom surface as shown in figure below:

Lumen of test tube

Polymer film

Lumen of test tube

Polymer film

Figure 4.21: Scheme of flow channel with polymer film

• Choice of drug

The drug loaded in polymer has been selected to be diclofenac for drug release tests [176] and pur-

chased from Genevrier Laboratory. The drug particle is in granular shape with density of approximately

450.7 mg/ml. The solubility of the drug at a temperature of 37 °C in water is about 5.554 g/L.

Measurement of drug release profile from polymer versus time mainly followed the two steps: firstly,

the samples were put in the oven at 50°C for one hour to remove moisture and then were weighed

immediately after cooling in the desiccator (M1). Secondly, the dried samples were put in the test tube

and measurements were made after a specified period for each test. In order to remove all the water

absorbed in the polymer, the samples were put to an oven at 50 °C. The drug remained in polymer

was measured after the sample weight was stabilized (M2). Thus the drug mass loss in polymer can be

calculated as Mt = M1 − M2.

4.4.2 Numerical modeling establishment and methodology

• Geometrical model

To comply with the size of test facility, the 2D geometrical model of flow channel with drug-loaded

polymer inside has been established as shown in Figure 4.22. Two domains are included: flow domain
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and polymer domain. The length of flow channel is 130 mm and the height is 30 mm. The polymer is

2 mm of height and 30 mm of horizontal length located at the middle of artery. The boundaries include

inlet, outlet, channel wall and interfaces between lumen and polymer. The mesh independence has been

investigated with the drug concentration in polymer at different mesh sizes of 40976, 66592, 93125 and

131514. The results accuracy can be controlled below 1% after the third mesh size. Thus the final mesh

size of 93125 has been determined.

Figure 4.22: 2D geometrical model of flow channel with drug-loaded polymer

• Mathematical model of drug release in polymer

In terms of the mathematical models in polymer, both diffusion and dissolution physics have been

considered in order to better describe the practical drug release process in experiments. The drugs in

the polymer are in the solid phase initially and then dissolves and diffuses gradually along with the flow

intrusion. When the polymer contacts with the fluid, the flow will enter through the boundaries and

occupy the pores which constitute the diffusion path of the dissolved drugs. The dissolution process

follows the relation below [177]:

b
β−→ c

Where b is the drugs in the solid phase and c is the drugs in the dissolved phase. β represents

the dissolution rate. The solid drugs as the source of dissolved drugs are not able to be diffused and

the diffusion happens only with the dissolved drugs. Thus the governing equations are established as

follows [167]:

∂b

∂t
= −βb(S − c) (4.15)

∂c

∂t
= ▽ · (D ▽ c) + βb(S − c) (4.16)

Where S is the solubility of drugs in flow, 13.5 mol/m3. D is the diffusion coefficient. As the drug

solubility is less than the initial drug concentrations in our study, the values of β is determined based

on the criteria of nondimensional Damköhler number >> 1 which is defined as Da0
∗ = βBL2

c/D [167].

B is the initial drug concentration in polymer. Thus the value of β is set to be 10 mol/(m3 · s). For the
initial drug concentration in polymer, c = 0, b = B.

Referring to the literature [175, 178], two phases of drug release from polymer have been commonly

demonstrated affected by the initial burst release. Accordingly, the drug release models describing these

104



4.4. Experimental validation about mass transfer from polymer

two phases have been developed shown in equation (4.17) [179] and (4.18) [180]. Equation (4.17) models

the early stage where less than 40% drugs are released from the polymer and Equation (4.18) describes

the late stage of more than 40% drugs released from the polymer.

Early stage:

Mt/M0 = 4

√︄
D1t

πL2
c

0 < Mt/M0 < 0.4 (4.17)

Late stage:

Mt/M0 = 1 − π2

8 exp(−π2D2t

L2
c

) 0.4 < Mt/M0 < 1 (4.18)

Where Mt stands for the amount of drug released from polymer instantaneously. M0 is the initial

drug amount loaded in polymer. Lc is the hydraulic diameter of the polymer, 3.75 mm. D1 and D2 are

diffusion coefficients in these two stages separately.

The experimental works have been carried out with three different initial drug dosage of 10%, 20%

and 30% respectively by LIFSE team, corresponding to 202 mol/m3, 356 mol/m3 and 591mol/m3 and

the value of Mt versus time has been measured experimentally in these three conditions. Based on the

experimental measurement of drug release (Mt versus time) in each condition provided by LIFSE team,

the diffusion coefficients D1 and D2 have been calculated through equations (4.17) and (4.18) as shown

in Table 4.1. As observed, with the increase of initial drug dosage in polymer, the diffusion coefficients

in polymer are increased both for D1 and D2. The reason is that the increased initial drug dosage can

increase the polymer pores as demonstrated in literature [181].

Initial drug dosage D1 [m2/s] D2 [m2/s]

10% 2.8e-11 1e-11

20% 4.1e-11 1.465 e-11

30% 5.3e-11 1.99e-11

Table 4.1: Predictions of diffusion coefficients in polymer at different drug dosage

Then Figure 4.23 shows the comparisons between numerical and experimental results of drug release

from polymer with these calculated diffusion coefficients at different initial drug dosages (10%, 20% and

30%). A good fitting has been achieved with R2 of 0.9823, 0.9793 and 0.9717 respectively. The results

also demonstrate that increased initial drug concentration contributes to the decreased drug release time

from polymer. Release time of 100 h, 90 h and 65 h have been obtained corresponding to initial drug

concentration of 202 mol/m3 (10%), 356 mol/m3 (20%) and 591 mol/m3 (30%).
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(a) 10% (b) 20%

(c) 30%

Figure 4.23: Comparison of drug release from polymer between experiment and simulation at different
initial drug dosage: (a) 10%, (b) 20% and (c) 30%

• Mathematical model of drug transport in flow domain

The properties of fluid used in experiment is incompressible and Newtonian and the densidy and

dynamic viscosity are 1000 kg/m3 and 6.9e − 4 Pa · s. Thus the flow is controlled by the Navier-stokes

equations in steady case. As the flow rate of 7.5 ml/s is used in experiment, the sectional mean velocity

at inlet is determined to be 0.0083 m/s corresponding to the Re number of 402. A parabolic velocity

profile is set as the flow is in the laminar regime. At the outlet, the pressure is set to be 0 and the artery

wall is considered to be rigid. As discussed above, both drug diffusion and convection are considered in

lumen due to the existence of flow. Based on the literature [89], diffusion coefficient in flow Df can be

calculated based on the equation below:

Df = KT

6πµR
(4.19)

Where K is Boltzmann’s constant of 1.3807e-23 J/K, T is the fluid temperature, 310.15 K, the diameter

of drug molecule is 1.7e-9 m referring to the Rhodamine B [89] as they have the similar structure. Thus

a theoretical diffusion coefficient Df of 3.875e-10 m2/s is determined.

All the other boundary conditions keep the same with that discussed above.
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4.4.3 Validation of drug release between simulation and experiment

Based on the determination of diffusion coefficient at 10%, 20% and 30%, the linear relationship

between initial drug concentration and diffusion coefficients (D1 and D2) in polymer has been presented

in Figure 4.24 (a) and (b). Thus a prediction of diffusion coefficient can be made through the linear

relationship with initial drug dosage of 15%: D1=3.4e-11 m2/s and D2=1.223e-11 m2/s. In order to

verify if the linear relationship between initial drug concentration and diffusion coefficient is practical

between 10% and 30% in our case, comparison of drug release from polymer has been made between

sinulation and experiment with 15% (279 mol/m3) drug in polymer as shown in Figure 4.25. As observed

that a good fitting has been achieved with R2 of 0.98.

(a) (b)

Figure 4.24: Linear fitting of initial drug concentration in polymer versus D1 (a), and initial drug
concentration versus D2 (b)

Figure 4.25: Comparison of drug release from polymer between experiment and simulation at initial drug
dosage of 15%

4.5 Conclusion

Investigations regarding drug transport from DES have been focused both numerically and experi-

mentally in this chapter. Along with the discussion of concerned physics for drug transport in artery,
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the numerical and mathematical models have been determined and presented in the first place. Through

comparisons of drug transport results in 3D and 2D models, a good agreement has been obtained for

drug concentration in polymer and tissue. Thus the 2D model has been established sufficiently for the

current research. The drug release and transport from polymer into tissue and lumen domains have

been investigated in order to have a better understanding of mass transfer mechanisms in artery. The

results show a relatively symmetrical drug distribution in tissue surrounding the struts. The effects of

recirculation on drug transport have demonstrated to be neglected. In view of DES performance im-

provement, a controlling parameter study has been carried out with different polymer thickness, different

strut location and different diffusion coefficient in polymer. The results show that increased polymer

thickness is beneficial to prolong the drug release time from polymer and increase the drug retaining

time in tissue which is consistent with the results of more embedded stent in tissue and smaller diffusion

coefficient in polymer. The contacting surface between stent and tissue is a key factor on the stent

performance. Besides the numerical investigations, experimental works have been conducted as well in

order to contribute to the validation with numerical results. The prediction of diffusion coefficients in

polymer has been achieved with initial drug dosage from 10% to 30% with a linear relationship. A good

comparison of drug release from polymer has been accomplished with initial drug dosage of 15% between

simulation and experiment. Moreover, through the experimental results with initial drug dosage of 10%,

20% and 30%, the increased initial drug concentration has been proved to decrease the drug release time

with increased diffusion coefficient.
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5.1 Conclusions

This thesis aims to study the effects of arterial geometrical singularity on flow topology and hemo-

dynamics in order to optimize the stent performance through better acknowledging the related physics

as well as the mass transfer process from DES. As introduced in chapter 1, some focuses of interest have

been put forward and investigated by the following chapters.

Based on the state of the art in this subject as discussed in chapter 1, it’s known that the incidence of

restenosis or thrombosis is greatly related to the recirculation region caused by the disturbed flow. The

low value of shear rate located at the recirculation region plays a key role to contributions of deposition

on vessel wall. The main conclusions among the existing literature demonstrate that the vortices’ size is

affected by the dynamic parameters of flow such as Reynolds number and the geometrical design of stent

such as the shape and size of strut. The recirculation size formed both upstream and downstream the

strut tends to be inversely affected by the Re number. Moreover, the height of the stent is demonstrated

to be one of the most influential factors for recirculation size. Regarding investigations of mass transfer

from DES, the study of controlling parameters on drug transport process have been commonly carried out.

The controlling parameters of Re number of flow, polymer properties and polymer size on drug transport

into lumen and tissue have been taken into account widely. However, the mechanisms related have not

been fully explored yet and the optimization of stent requires more efforts including more considerations

of flow pulse rate, multiple stent design factors, drug release characteristics and the necessary validation

research works between simulations and experiments regarding DES.

Due to the complex mechanical and biological physics of blood flow in artery, the established numerical

models have been taken the thorough considerations and elucidations in chapter 2 regarding blood

flow in coronary artery. The main artery geometrical characteristics of bifurcation and tortuosity have

been trending to be studied recently. Thus the preliminary investigation following the determination of

numerical models have been carried out with the stenotic artery coupling the geometrical singularities:

bifurcation and tortuosity as the modeling validations. The results reveal that either bifurcation or

tortuosity can have a direct influence in flow disturbance and the potential onset sites of plaque. In

the presence of bifurcation structure, when the stenosis is located in the main branch proximal, the

recirculation development follows the flow orientation. However, when the stenosis is located on the side

109



Chapter 5. Conclusions and perspectives

branch, the vortices have been formed both upstream and downstream the stenosis. Compared to the

stenosis length, the stenosis severity plays a more important role in hemodynamic variations. In the

case of tortuous artery, both curved and spiral tortuosity have been studied. The spiral flow has been

observed along spiral tortuosity and the advantages to inhibit the deposition have been shown compared

to the curved tortuosity. A small part of diagnostic analysis has been introduced as well which gives a

guidance to the practical treatment to some extent.

Chapter 3 conducted the coupling between coronary artery and stent performance with different

design considerations. Both 2D and 3D cases have been carried out in view of different considerations

of stent design. The flow topology and hemodynamic evaluations have been focused based on the WSS-

based descriptors. The results show that the recirculations formed beside the struts are greatly affected

by the pulse rate and stent geometry. The horizontal length of recirculation downstream stent remains

the most sensitive to the pulse rate due to the less confined inertial force which is in contrast to the

vertical length of recirculation downstream limited by the strut height. The larger interspace between

struts is found to be beneficial to improve the stent performance with increased wall shear rate. Instead

of 2D model, investigations with 3D model have been carried out with the establishment of practical

stent geometry and both steady and unsteady cases have been studied. With the increase of AR, the

low value region of wall shear rate and high value region of WSSGs located near struts both decrease

which are consistent between steady and unsteady cases. Moreover, strut of high AR is beneficial to

reduce the pressure drop through the stent and the region of high RRT and OSI which tend to result in

deposition. Moreover, even though it is consistent that the inlet velocity is positively related to the wall

shear rate distribution both in steady and unsteady cases, the influences of flow pulsation considered in

unsteady case make differences of the results.

Following the interactions between flow and stent, chapter 4 steps into the physics coupling between

flow and mass transfer by considering DES. In this chapter both numerical and experimental works are

involved in order to better control the drug release process. The results demonstrated that the effects of

recirculation on drug transport can be neglected. The increased polymer thickness is beneficial to prolong

the drug release time from polymer and increase the drug retaining time in tissue which is consistent

with the results of more embedded stent in tissue and smaller diffusion coefficient in polymer. Through

experimental investigations with different initial drug dosages (10%, 20%, 30%) in polymer, the linear

relationship between initial drug dosage and diffusion coefficient in polymer has been predicted. In order

to verify this linear relationship, the diffusion coefficients with 15% drugs in polymer are calculated based

on the linear relationship between initial drug dosage and diffusion coefficient in polymer and a good

fitting has been obtained for drug release from polymer between numerical and experimental results.

5.2 Further works

On the basis of the present numerical study, many improvements of the numerical model are needed

to be implemented. Moreover, the further works of experimental investigations still remain interesting.

The main points have been elucidated as follows:

• Modeling improvement of blood flow in artery

In view of the practical case of blood flow in coronary artery, the artery geometry is complicated with

irregular radius instead of consideration of cylinder geometry with constant radius. Thus the geometrical

model establishment of coronary artery based on the practical human case is necessary in order to be
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close to the reality. A few of the current investigations has put forward the multiphase property of blood

flow instead of one single phase which should be implemented in the future works as well. In addition,

heart curvature and movement have been neglected in the present study and should be further taken

into account.

• Considerations of chemical physics in polymer and tissue

Regarding drug transport from DES, mainly drug diffusion has been considered in polymer and tissue.

However, no matter polymer or the tissue both belong to the type of porous material, thus the flow

intrusion into the polymer and tissue should be both considered. Moreover, the tissue as a type of

biological material, the chemical reactions inside should be supplemented in the mathematical model.

Instead of the non-degraded polymer, degradation of polymer should be covered in the future research.

• Improvements in experimental works and development of mathematical model regarding mass

transfer

In spite of the numerical works, perspectives regarding the experiments need to be stressed as well. In

the present study experimental works occupied a small part of the thesis which validated the fundamental

physics of drug transport process. Thus more experimental works are needed and more mathematical

models need to be developed such as the relationship between initial drug concentration in polymer

and diffusion coefficient with other different materials. Moreover, the adoption of pulsed flow should be

employed instead of steady flow.
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Introduction

Les maladies cardiovasculaires ont occupé 1/3 des décès dans les pays en développement et développés.

L’athérosclérose est l’une des formes les plus graves et les plus courantes de maladies cardiovasculaires

causées par l’accumulation de dépôts graisseux, de cholestérol et de matières calcifiées dans la paroi

artérielle, en particulier dans l’artère coronaire. Sur la base des statistiques cliniques, l’artère coronaire

est plus susceptible de former une sténose que la plupart des autres artères. Tout trouble ou maladie de

l’artère coronaire peut en provoquer un dans un état dangereux avec une crise cardiaque ou un accident

vasculaire cérébral. En raison de l’athérosclérose, l’artère rétrécie se développe, ce qui entrâıne une

réduction de l’apport sanguin au cœur (ischémie myocardique), un manque d’oxygène (hypoxie) ou des

lésions cellulaires (nécrose). Face à cette énorme menace pour nos vies, plusieurs traitements efficaces ont

été développés et utilisés dans la pratique grâce à d’énormes efforts de chercheurs tels que l’angioplastie

par ballonnet, le stent en métal nu (BMS) et le stent à élution médicamenteuse (DES). Cependant,

les complications de suivi nécessitent encore les optimisations des traitements actuels. L’angioplastie

par ballonnet a été développée comme la première procédure non chirurgicale pour agrandir les artères

obstruées généralement suivie de la resténose en réponse à la lésion de la paroi vasculaire causée par

l’expansion du ballon. BMS a amélioré les résultats cliniques en réduisant le taux de resténose, mais

toujours de plus de 20% en plaçant un treillis métallique gonflé sur le site de blocage. Pour tenter de

réduire davantage ce taux, le DES a été proposé avec le BMS recouvert de médicaments anti-prolifératifs.

L’incidence de la resténose intra-stent a été réduite à moins de 5% grâce à l’inhibition de la prolifération

intima. Cependant, la thrombose tardive suivie peut provoquer une occlusion soudaine d’une artère.

Ainsi, face aux deux causes majeures (resténose et thrombose) de l’échec du stent, une compréhension

approfondie de la pathologie et des mécanismes de survenue de la maladie est hautement nécessaire

actuellement.

Le sang en tant que type de biofluide possède des propriétés physiques et hémodynamiques assez

complexes, en particulier dans l’artère avec des diamètres, des courbures et même des bifurcations ir-

réguliers. La sténose et le stent sont tous deux considérés comme les singularités géométriques de l’artère

entrâınant la perturbation du flux. On constate qu’un faible taux de cisaillement favorise la prolifération

des cellules musculaires dans la paroi artérielle, en particulier dans les régions de recirculation en amont

et en aval de la jambe de force. Les variations des paramètres hémodynamiques ont été couramment

ciblées et utilisées pour prédire les sites potentiels de la maladie dans les études existantes. De plus, les

altérations de l’hémodynamique sont fortement liées aux singularités géométriques artérielles telles que

la présence de stent. Outre les facteurs humains, la performance du stent est fortement liée aux voies

d’implantation prises par le cardiologue, aux conceptions géométriques du stent et même au principe

pharmaceutique dans le cas du DES.
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Sur la base de l’état actuel des connaissances liées à ce sujet, de grands efforts sont encore nécessaires

pour mâıtriser les mécanismes internes et améliorer les performances du stent car un certain nombre de

questions restent ouvertes et doivent être résolues. Ainsi, la présente étude est proposée dans le but de

reconnâıtre l’hémodynamique du corps humain et d’éviter les altérations causées par l’envoi. Le stent

actif a également été concerné. Un intérêt particulier a été accordé au transfert de masse du polymère

dans la lumière et le tissu. Les travaux de recherche réalisés au cours de cette thèse ont été présentés

comme suit:

- Mise en place de la modélisation numérique et mathématique suivie de l’étude préliminaire des

effets sur la topologie des écoulements et les viriations hémodynamiques induites par les singular-

ités géométriques artérielles. La bifurcation artérielle et la tortuosité sont toutes deux prises en

compte. Les sites potentiels et l’orientation du développement de la sténose affectés par la sin-

gularité géométrique artérielle spécifique ont été évalués sur la base de la topologie du flux et de

l’analyse hémodynamique. De plus, afin d’avoir une orientation directe vers le traitement clinique

à partir de travaux numériques, l’analyse diagnostique a été adoptée pour donner des évaluations

auxquelles on n’a pas encore accordé suffisamment d’attention.

- Plusieurs facteurs de conception du stent ont été considérés dans le but d’optimiser la géométrie

du stent sur la base de la perturbation de l’écoulement et des évaluations hémodynamiques.

- Les mécanismes de libération des médicaments ont été étudiés numériquement et expérimentale-

ment.
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Étude bibliographique

Recherche sur le développement d’un stent en métal nu

BMS est la première génération de stent et aussi le début d’un traitement efficace pour l’athérosclérose.

Cependant, environ 20% à 30% des patients nécessitent une intervention supplémentaire après l’implantation

d’un stent [44]. La performance du stent dépend de plusieurs facteurs: la conception du stent, l’hémodynamique

du sang, les procédures d’implantation, les lésions vasculaires et l’inflammation chronique [45]. Parmi la

littérature, l’optimisation des conceptions de stents a fait l’objet d’une grande attention de la part des

chercheurs afin d’améliorer les performances d’implantation [46].

La dynamique des fluides computationnelle (CFD) en tant qu’outil de recherche peut aider à mieux

comprendre le flux sanguin et à améliorer l’optimisation du stent. La conception du stent s’est tout

d’abord avérée être liée à des résultats cliniques défavorables dans les artères iliaques de lapin endo-

prothésées en 2000, et la variation de contrainte de cisaillement du mur (WSS) est fortement associée

à l’hyperplasie néointimale. Les principales considérations relatives aux caractéristiques géométriques

du stent sont résumées à la figure B.1 [47]. Ces deux types de stents conçus sont comparés à travers

différentes caractéristiques géométriques: cellule de stent, espacement moyen des cellules, creux et pic de

la jambe de force, angle de la jambe de force et s’il s’agit d’un décalage de cellule ou d’un alignement de

cellule. Il est démontré que les variations hémodynamiques défavorables de caractéristiques de conception

spécifiques (telles qu’un espace de jambe de force étroit et une grande taille de jambe de force) peuvent

être atténuées tout en combinant les autres caractéristiques de conception avantageuses. De plus, une

protrusion plus lumineuse du stent peut aggraver considérablement les conditions hémodynamiques.

Figure B.1: Géométries avec étiquettes de conception de stent [47]

Les propriétés rhéologiques et les distributions hémodynamiques sont les principaux axes de résultats

parmi les enquêtes. Les oeuvres de N. Benard [17], H.M. Hsiao [48,49], F. Chabi [50] and A. Rouhi [51]

ont prouvé l’écoulement perturbé causé par la présence de stents. Un espacement plus grand entre

les entretoises s’est avéré bénéfique pour restaurer l’écoulement perturbé. À travers les œuvres de V.

Dehlaghi et al. [45], au lieu de l’espacement des entretoises, il s’est concentré sur l’effet du rapport entre

l’espacement des entretoises et la hauteur des entretoises sur l’hémodynamique. Les rapports de 2, 3, 4,
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6 ont été étudiés et ont découvert que lorsque le rapport est inférieur à 3, le flux secondaire est plein de

tout l’espace des entretoises. Lorsque le rapport est supérieur à 6, le point de rattachement peut être

obtenu avec deux tourbillons séparés. Selon les travaux de [52], Lorsque les entretoises suivent davantage

la direction du flux sanguin, la zone de recirculation du flux a tendance à être réduite. Un angle de jambe

plus petit signifie que l’orientation de la jambe de force est plus cohérente avec la direction d’écoulement.

Une déformation réduite entre l’orientation de la jambe de force et la direction de l’écoulement peut

induire moins de turbulence d’écoulement, ce qui inhibe le développement de la recirculation. De plus,

l’épaisseur des entretoises a fait l’objet de nombreuses études numériques et cliniques. La conclusion

commune a démontré qu’une jambe de force plus épaisse est plus susceptible de générer des résultats

indésirables [53–55]. Une jambe de force plus mince causera moins d’effet d’obstacle et limitera la taille

de recirculation. I.C. Hudrea et al. [56] a étudié la formation de recirculations avec des entretoises

de malapposition comme le montre la figure B.2. Les lignes de courant sont plus perturbées avec une

augmentation limitée de la saillie du stent dans la lumière. Ensuite, lorsque le stent est plus proche du

flux central, la perturbation du flux est plus soulagée.

Figure B.2: Rationalise avec les stents de malapposition [56]

Une faible contrainte de cisaillement, un temps de séjour des particules élevé et un écoulement non

laminaire sont des attributs hémodynamiques courants aux endroits où l’hyperplasie néointimale est

susceptible de se produire [57, 58]. Par conséquent, de nombreuses recherches ont été menées dans le

but d’optimiser la conception du stent sur la base de l’évaluation des variations des paramètres hémo-

dynamiques. Même si une partie des recherches a vérifié la distribution hémodynamique symétrique en

modèle 3D avec un stent circulaire simplifié, une modélisation 3D plus complète est encore nécessaire

pour avoir une vue globale de la distribution hémodynamique, notamment en tenant compte de la com-
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plexité géométrique pratique de l’artère et du stent. R. Balossino et al. [59] ont utilisé des modèles 3D

pour analyser la distribution spatiale et temporelle du WSS artériel sous des formes de stent différem-

ment conçues et différentes épaisseurs de jambe de force. On a observé que la région de faible valeur de

WSS en dessous de 0,5 Pa était augmentée avec une jambe de force plus épaisse. Une conclusion similaire

a été obtenue dans les travaux de N. Duraiswamy et al. [60]. Quatre stents de conceptions différentes

ont été étudiés et la distribution WSS près de la paroi a été étudiée comme le montre la figure B.3. On

trouve toujours que la faible valeur de WSS suit la région proche du stent.

Figure B.3: Distribution WSS pour (a) Wallstent, (b) Bx Velocity stent, (c) Aurora stent et (d) NIR
stent [60]

Recherche sur le développement d’un stent à élution médicamenteuse

Le DES a apporté des avantages significatifs en empêchant le développement de la resténose artérielle

après l’implantation d’un stent par rapport au BMS [61–63]. Le premier BMS appelé Palmaz-Schatz a

été approuvé avec autorité en 1994 face à la menace de maladies cardiovasculaires [64]. Cependant, la

resténose en tant que complication ultérieure limite fortement l’utilisation large du BMS qui est nécessaire

pour faire évoluer et améliorer davantage [65–67]. Jusqu’en 2003, le premier DES était approuvé par

la Food and Drug Administration aux États-Unis. En tant que stent nouvellement développé, l’effet

thérapeutique a été grandement amélioré avec les revêtements médicamenteux anti-prolifératifs conçus.

Cependant, en raison de l’existence durable du stent après la libération du médicament, de nouveaux

risques apparaissent avec la thrombose très tardive après l’implantation du DES d’un an [68–70]. Ainsi,

le développement du DES est toujours nécessaire malgré les progrès significatifs réalisés. En tant que

tendance du développement des stents, les stents solubles et sans polymère ont été proposés ces dernières

années [71–73], mais ils sont encore limités dans les recherches à ce jour. Le stent soluble est conçu

pour être dissous ou absorbé dans le corps progressivement après l’implantation du stent, ce qui peut

réduire les risques de thrombose ultérieure par rapport au BMS [74]. Pour le stent sans polymère, les

médicaments seront directement filmés sur les surfaces du stent au lieu d’utiliser le support polymère qui

agit comme un stimulus inflammatoire chronique potentiel [75].

Des recherches approfondies ont été menées afin de mieux comprendre le mécanisme de libération du

médicament et d’améliorer le stent. La méthode numérique a été largement adoptée pour modéliser le
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DES physiquement et mathématiquement, ce qui est plus rentable par rapport aux expériences / essais

cliniques [76]. Du point de vue de la modélisation physique, trois domaines sont liés à la libération

du médicament: le domaine polymère, le domaine du flux sanguin et le domaine tissulaire. Un certain

nombre d’études ont été menées pour étudier la libération de médicament du DES de la manière uni-

dimensionnelle [77], bidimensionnel [78, 79] et modèles tridimensionnels [80, 81] séparément. Le premier

article sur le transport simultané de médicaments à la fois dans le domaine tissulaire et sanguin a été pub-

lié en 2007 [82]. Les publications antérieures se concentrent sur le transport du médicament soit dans le

domaine tissulaire soit dans le domaine sanguin [83,84]. De plus, dans de nombreuses études, le domaine

des polymères est simplifié en tant que limite où une concentration initiale de médicament sera imposée et

maintenue inchangée, ce qui ne correspond évidemment pas au cas pratique. [85–88]. Des simplifications

et des hypothèses sont communément trouvées à travers les travaux numériques. Le flux de médicament

est généralement supposé être continu à travers les limites de l’interface, ce qui est raisonnable lorsque

la solubilité du médicament est similaire entre les deux domaines voisins. Dans le cas des médicaments

hydrophobes, ils sont plus enclins à se répartir dans le tissu, ce qui entrâınera des discontinuités. De

plus, en raison de la différence d’échelle de temps distinguée entre le flux sanguin pulsé et le transport

de médicament dans les tissus, le flux constant est pris en compte lors du couplage avec le transport de

médicament. Récemment, les travaux de R.S. Pujith [89] ont vérifié que le transport de médicaments à

médiation par le flux à partir du DES est négligeable, même si d’autres travaux doivent être achevés.

De plus, il est intéressant de constater que des résultats opposés existent parmi les études existantes

qui indiquent l’importance des modèles établis plus conformes à la réalité. Dans le but d’optimiser le

stent, plusieurs paramètres de contrôle ont été considérés pour étudier l’influence de la concentration du

médicament, en particulier le rôle des caractéristiques géométriques détaillées [54,90,91] et les propriétés

du polymère [92]. Y. Chen et al. a étudié l’effet des positions de revêtement du médicament, des angles

de flexion des artères et du nombre de Reynolds sur la concentration du médicament [85,86,93] en mod-

élisation 3D. A.I. Barakat et al. ont modélisé le processus de transport des médicaments de deux types

de médicaments [94] et étudié l’effet de la cinétique de libération sur la concentration de médicament

dans les tissus [95]. J.A. Ferreira et al. a étudié l’influence de différentes excentricités de plaque sur le

transport du médicament dans le vaisseau sténosé [96]. Plus de paramètres de contrôle tels que le coef-

ficient de diffusion, l’espacement des entretoises, l’apposition des entretoises et la forme des entretoises

ont également reçu une attention particulière de la part des chercheurs [97–99]. Il a été démontré qu’un

plus grand espacement des entretoises diminue la valeur maximale de la concentration de médicament

mais augmente la concentration moyenne de médicament dans les tissus [90]. Il est intéressant pour

les travaux numériques réalisés par T. Seo et al. [100] en 2016, qui a introduit un nouvel indice sans

dimension: l’indice de pénalité des stents (SPI) pour quantifier la perturbation de l’écoulement et la

concentration de médicament à la surface endothéliale. Un certain nombre de recherches effectuées dans

les cas d’écoulement constant et de libération régulière de médicament ont conclu que les recirculations

formées autour du stent avaient un effet significatif sur le transport du médicament et la distribution

asymétrique du médicament dans les tissus a été observée. [87]. Cependant, de nombreux travaux ré-

cents sur la libération instable de médicaments ont nié les résultats auparavant en cas stable. Au lieu

de l’asymétrie de la distribution du médicament affectée par le flux en cas stationnaire, une distribution

symétrique du médicament autour de la jambe dans le tissu sera trouvée dans le cas instable et l’influence

de la rhéologie du flux dans le transport du médicament peut être négligée. Comme le montre la figure

B.4 fait par P.R.S. Vijayaratnam et al. [89, 101], la concentration du médicament a été comparée entre

les cas stables et instables. La figure montre la concentration de médicament autour du stent dans un cas

stable 2D d’écoulement et de libération de médicament. Le polymère est considéré comme une frontière

avec une concentration initiale constante de médicament. On peut constater que les dépôts de médica-
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ment à côté du stent occupaient le même ordre de concentration de médicament par rapport à celui dans

les tissus, ce qui indique que la concentration de médicament est grandement affectée par l’écoulement.

Cependant, avec la poursuite de l’enquête en 2018, le domaine polymère a été établi plus complètement

comme le montre la figure B.4-(b) and (c). La concentration de médicament dans les domaines sanguins

et tissulaires n’a pas de grande différence entre les cas à flux constant et à flux pulsatile. L’amplitude de

la concentration de médicament autour du stent est suffisamment faible par rapport à celle du tissu, ce

qui indique que l’influence de la pulsatilité du flux dans le transport du médicament peut être négligée.

Avec ces résultats, il a confirmé qu’il est raisonnable d’envisager le transport du médicament en cas de

flux sanguin constant.

(a)

(b) (c)

Figure B.4: La concentration de médicament normalisée en cas stationnaire (débit et transport de
médicament) en (a), et accumulation de médicament instable à 60 s avec (b) débit constant et (c) débit
pulsatile [89].
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Modélisation des caractéristiques et validation du flux san-

guin dans l’artère coronaire

Généralement, le flux sanguin est laminaire dans le corps, en particulier dans les petites artères. Pour

l’artère coronaire gauche, les valeurs moyennes et maximales de Remoyen et Remaximal sont évaluées

respectivement à 166 et 431 [83] quand on est au repos. Par conséquent, l’équation qui régit le flux est

les équations instables de Navier-stokes et la forme générale des équations de Navier-Stokes est décrite

ci-dessous:

∂ρ

∂t
+ ▽ · (ρV ) = 0 (B.1)

ρ
∂V

∂t
+ ρV · ▽V = − ▽ p + ▽ · τ + f (B.2)

À travers les travaux de P.S.R. Vijayaratnam et al. [89], il est conclu que le transport de drogue par flux

à partir du DES peut être négligeable. De plus, se référant aux travaux de E.W. Merrill et al. [114] et

D.A. Mcdonald [115], les caractéristiques non newtoniennes se produisent généralement dans les petits

vaisseaux pour de faibles valeurs de taux de cisaillement γ̇ < 100 s−1 et le nombre de Womersley Wo < 1.
Dans notre cas, le nombre de Womersley est 2,7 et le taux de cisaillement est estimé à 114 s−1. Par

conséquent, pour nos investigations, il est raisonnable de définir le flux sanguin avec le modèle newtonien.

Ainsi l’expression finale des équations de Momentum peut être décrite comme suit en ignorant les effets

de la force corporelle:

ρ
∂V

∂t
+ ρV · ▽V = − ▽ p + µ ▽2 V (B.3)

Dérivé du modèle de profil de flux sanguin stable de Poiseuille, le modèle pulsatile simplifié est développé

afin de capturer les caractéristiques instationnaires du flux sanguin [119]:

u(r, t) = 2V (t)(1 − r2

R2 ) (B.4)

Le flux sanguin pulsé dans l’artère coronaire à une fréquence de 1,25 Hz peut être obtenu grâce à

des travaux de N. Bénard comme le montre la figure B.5. Afin de reconstruire numériquement le profil

d’écoulement, une équation de Fourier à huit coefficients est établie avec Matlab comme indiqué dans

l’équation (B.5). Les coefficients calculés sont présentés dans le tableau 2.1 faisant référence aux travaux

de F. Chabi [83].

V (t) = Vo +
8∑︂

n=1
(Vncos(nwt) + Wnsin(nwt)) (B.5)

Où V0 = 1
T

∫︁ T

0 V (t)dt pour n = 0, Vn = 2
T

∫︁ T

0 V (t)cos(nwt)dt pour n ≥ 1, Wn = 2
T

∫︁ T

0 V (t)sin(nwt)dt

pour n ≥ 1.
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Figure B.5: Inlet blood flow profile at f = 1.25 [83]

Table B.1: Valeurs numériques du coefficient Wn et Vn [83]

ordre harmonique Vn (m/s) Wn (m/s)

0 0.15634 0

1 -0.02995 0.00808

2 0.02458 0.03887

3 -0.01182 -0.00838

4 0.00985 0.0028

5 -0.01009 0.00313

6 0.00618 -0.00113

7 0.00133 8.74149 ∗ 10−4

8 -0.0036 −2.35276 ∗ 10−4

La paroi du vaisseau est considérée comme rigide en référence à la littérature [50, 137, 138]. À

l’entrée et aux sorties, le débit et la pression pulsés à différentes fréquences d’impulsions seront imposés

séparément comme indiqué sur la figure B.6. Les débits d’entrée à des fréquences d’impulsion de 75

bpm, 100 bpm et 120 bpm ont été utilisés. Pour la condition aux limites de sortie, une forme d’onde

de pression avec différentes fréquences est prescrite correspondant à différents taux d’impulsions. Un

modèle à deux éléments est utilisé comme indiqué dans l’équation (B.6) [139]:

Q(t) = P (t)
R

+ C
dP (t)

dt
(B.6)
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Où Q(t) est le débit volumétrique pulsatile d’entrée du sang, m3/s. P (t) est la forme d’onde de

pression pulsatile de sortie, Pa. R est la résistance périphérique, 1e10 Pa · s/m3. C est la compliance

artérielle, 1e − 11 m3/Pa. Il a été prouvé que le modèle à deux éléments reconstruit bien la fluctuation

de pression aux sorties du domaine artériel avec une fréquence plus basse (< 5 Hz) [34]. Compte tenu

de la plage de nombres de Reynolds de 90 à 570, le flux sanguin laminaire est considéré comme étant

pleinement développé avec un profil de vitesse parabolique.

(a) Entrée (b) Sortie

Figure B.6: Débit pulsé d’entrée et pression de sortie en fonction du temps dans un cycle à différentes
fréquences d’impulsions

Les travaux de modélisation, de maillage et de calcul ont tous été réalisés avec Comsol 5.1. Les

éléments de maillage tétraédrique non structurés ont été générés et la méthode multigrille a été utilisée

pour accélérer la vitesse de convergence d’une méthode itérative de base. Les méthodes itératives ont

choisi GMRES avec le nombre d’itération maximum de 500. Le pas de temps initial est fixé à 0,001 s afin

d’assurer CFL < 1 qui sera déterminé de manière adaptative par Comsol en fonction de la physique.

Pour s’assurer de la stabilité périodique des résultats, les simulations ont été réalisées sur quatre cycles

pulsatiles.

• Paramètres hémodynamiques

- WSS

WSS = n · µ( ∂ui

∂xj
+ ∂uj

∂xi
)|wall i, jϵ(x, y, z) and i ̸= j (B.7)

µ est la viscosité dynamique, n est un vecteur tangentiel le long de la paroi du vaisseau. La valeur

critique de WSS est de 0,5 Pa.

- Moyenne temporelle WSS (TAWSS)

TAWSS = 1
T

∫︂ T

0
|WSS|dt (B.8)
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Où T est la durée totale d’un cycle pour le flux sanguin. TAWSS représente la charge de cisaillement

dans le temps à laquelle la paroi artérielle est soumise et la valeur seuil est de 0,4 Pa [33].

- Chute de pression relative (RPD)

RPD = (pproximal − pdistal)
pdistal

· 100 (B.9)

Où pproximal est la pression proximale avant la sténose, pdistal est la pression distale après la sténose.

- Surface artérielle de TAWSS inférieure à 0,4 Pa (ST A)

ST A =
∫︂

ST

si(TAWSS < 0.4, 1, 0)ds (B.10)

Où ST est la surface totale de la paroi artérielle. La fonction «si» a été utilisée pour intégrer la

surface où TAWSS < 0, 4 Pa (= 1 si oui, = 0 sinon). Ainsi ST A représente la surface des sites potentiels

de maladies.

- Pourcentage de surface de WSS inférieur à 0,5 Pa (Sp)

Sp = Sb

ST
· 100 (B.11)

Où Sb est la surface artérielle pour WSS en dessous de 0,5 Pa.

• Paramètres de diagnostic

- Coefficient de chute de pression (CDP)

CDP = ∆p

0.5ρV 2
0

(B.12)

Où ∆p = pproximal − pdistal, ∆p indique la différence entre la pression proximale moyenne temporelle

et la pression distale moyenne dans le temps.

- Coefficient de flux de lésion (LFC)

LFC = AS√︂
∆p

0.5ρV 2
0

(B.13)

Où AS = Soriginal−Sresté
Soriginal

, Soriginal représente la surface d’origine de la section transversale du navire,

Sresté est la surface restante de la section transversale du vaisseau en raison de la formation de sténose.

Validations avec singularités géométriques

Avec la détermination de l’établissement de la modélisation de l’artère coronaire, une étude prélim-

inaire est réalisée avec une artère sténosée couplant les singularités géométriques artérielles. Deux cas

sont menés: la bifurcation et la tortuosité.
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Les résultats révèlent que dans le cas d’artère bifurquée, lorsque la sténose est située dans la branche

principale proximale, la recirculation suit l’orientation du flux. Cependant, lorsque la sténose est située

dans la branche latérale, la recirculation se fera à la fois en amont et en aval de la sténose. La sévérité

de la sténose joue un rôle clé pour la taille de recirculation et la perte de charge relative par rapport à

la longueur de la sténose dans le cas d’une sténose à la branche proximale principale. Cependant, dans

le cas d’une sténose au niveau de la branche latérale, les influences de la sévérité de la sténose et de la

longueur de la sténose dans la chute de pression relative peuvent être négligées. Pour le WSS le long de la

sténose, soit à la branche principale proximale, soit à la branche latérale, la distribution à l’emplacement

haut et bas est asymétrique affectée par la structure de bifurcation. L’augmentation de la sévérité de la

sténose contribue au WSS plus grand, ce qui contraste avec la longueur de la sténose. Pour l’évaluation

diagnostique, lorsque la sténose est à la branche proximale principale, la variation de la longueur de la

sténose et de la fréquence du pouls dans notre cas n’affecte pas les résultats finaux de l’évaluation.

Le second cas est lié à une tortuosité courbe et spirale avec l’existence d’une sténose symétrique et

asymétrique en amont. Les résultats ont conclu que la faible valeur du TAWSS situé en aval de la sténose

peut être observée. Le long de la tortuosité courbe, la région de faible valeur de TAWSS est située sur la

paroi externe en amont et la paroi interne en aval pour chaque courbure. Cependant, la faible valeur de

TAWSS a tendance à être toujours située au niveau de la paroi interne le long de la tortuosité en spirale.

Un plus grand pourcentage de surface de WSS inférieur à 0,5 Pa et une surface de TAWSS inférieure

à 0,4 Pa vont avec une plus grande sévérité de sténose, une fréquence du pouls plus petite et une plus

grande distance entre la sténose et la tortuosité à la fois pour l’artère courbe et spirale, sauf dans les

cas de sténose symétrique dans l’artère courbe avec une distance 6 mm et sévérité de la sténose de 50%

dans l’artère spirale. L’artère spirale est plus sensible à la morphologie de la sténose de l’état symétrique

à asymétrique par rapport à l’artère courbe. La valeur de Sp a tendance à être plus élevée pour la

sténose asymétrique par rapport à la sténose symétrique sous l’effet de la sévérité de la sténose et de la

fréquence du pouls qui peut être inversée en augmentant la distance entre la sténose et la tortuosité pour

l’artère courbe. Cependant, pour l’artère spirale, la valeur plus élevée de Sp va toujours avec une sténose

symétrique par rapport à une sténose asymétrique. Pendant ce temps, la perturbation de l’écoulement

a tendance à être plus forte avec une sévérité de sténose et une fréquence du pouls plus importantes, et

une distance plus petite entre la sténose et la tortuosité, en particulier pour la sténose asymétrique dans

l’artère courbe. La perturbation du flux en aval et les lignes de courant se déplaçant en spirale le long

de la tortuosité peuvent être facilement observées dans l’artère en spirale.
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Circulation sanguine à travers l’artère coronaire traitée par

stent

Il a été démontré pour la première fois que la conception du stent était liée à des résultats cliniques

indésirables dans les artères iliaques endoprothétiques de lapin en 2000, et la variation duWSS s’est avérée

fortement associée à l’hyperplasie néointimale. Un écoulement perturbé a été couramment trouvé avec un

vortex en amont et en aval du stent et la faible valeur de WSS dans la région de recirculation a également

été démontrée [48–50].De nombreuses considérations relatives aux caractéristiques de conception de stent

ont été prises en compte dans la littérature existante dans le but de minimiser l’altération de l’écoulement

telle que l’emplacement du stent, le type de stent et le paramètre de conception spécifique de l’entretoise.

Le modèle 2D a été plus couramment établi en tenant compte de la forme de la section transversale de la

jambe de force, de l’espace inter-jambe et de l’épaisseur du stent dans la littérature. Cependant, dans la

pratique de la fabrication du stent, certains conflits doivent également être équilibrés entre la résistance

requise du stent et les facteurs de conception optimaux du stent.

En vue d’explorer plus de méthodes possibles d’optimisation du stent et de contribuer aux données

de recherche actuelles, l’interaction entre les facteurs de conception du stent et les variations hémody-

namiques a été analysée ici et les effets des activités physiques sur l’hémodynamique ont également été

couverts dans cette recherche. La topologie du flux et les variations hémodynamiques ont été évaluées

sur la base de différents descripteurs basés sur le WSS.

• Modèle géométrique 3D

Se référant à la géométrie commerciale du stent de Palmaz-Schatz [163, 164], la géométrie du stent

3D est établie comme le montre la figure B.7. Le long de la direction de l’axe z (sens du flux), la section

transversale de la jambe simple est affichée avec différents rapports d’aspect (AR): 1, 2 et 4 séparément

où a=0,1 mm. La longueur totale du stent est de 4,475 mm. Le rayon externe est égal à 1,75 mm

conformément au rayon interne de l’artère coronaire. Suite à cela, le modèle d’artère stentée 3D complet

a été obtenu illustré sur la figure B.8. De même, la longueur de l’artère avant et après le stent est de

4 mm et de 6 mm séparément. Les limites peuvent être divisées en limite d’entrée, limite de sortie et

paroi de cuve.

Figure B.7: Schéma du modèle de stent 3D
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Figure B.8: Schéma du modèle d’artère 3D avec stent

• Modèle mathématique et conditions aux limites

Les modèles mathématiques et les conditions aux limites restent les mêmes avec les discussions ci-dessus,

à l’exception de la condition aux limites d’entrée. Une vitesse moyenne de section constante de V0=0,1

m/s, 0,158 m/s et 0,2 m/s respectivement a été imposée à l’entrée pour le cas stationnaire. Cependant,

pour le cas instable, une forme d’onde pulsatile simplifiée de la vitesse est imposée afin de réduire le coût

comme le montre la figure B.9. Le profil de vitesse simplifié fait référence à la plage de vitesse couverte

dans le cas de 75 bpm présenté à la figure 3.2 avec une vitesse moyenne de V0 = 0, 175 m/s. Ainsi le

nombre de Reynolds lié est 90-265 appartenant au régime laminaire.

Figure B.9: Vitesse moyenne de section instantanée pendant un cycle

• Paramètres hémodynamiques liés

Gradient WSS moyenné dans le temps dans l’espace (TAWSSGs)

TAWSSGs = 1
T

∫︂ T

0

√︄
(∂WSSx

∂x
)2 + (∂WSSy

∂y
)2 + (∂WSSz

∂z
)2dt (B.14)

Selon la littérature, une valeur élevée des TAWSSG indique une forte possibilité de dépôt et la valeur

critique des TAWSSG est de 200 Pa/m [47,165].

Indice de cisaillement oscillatoire (OSI)

OSI en tant qu’autre paramètre basé sur WSS est défini sous la forme d’une équation (B.15). Il

représente la déviation entre le vecteur WSS et la direction du flux sanguin. Lorsque la direction du

WSS est cohérente avec le flux sanguin, il est avantageux d’éloigner les dépôts de la paroi du vaisseau.
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Cependant, si la direction WSS oscille fréquemment, il est plus facile de former des dépôts sur un

emplacement de la paroi du vaisseau. D’après la littérature [47], la valeur critique de OSI est de 0,1.

Lorsqu’il est supérieur à 0,1, la possibilité de dépôt sera fortement augmentée.

OSI = 0.5 × (1.0 −
|
∫︁ T

0 WSSdt|∫︁ T

0 |WSS|dt
) (B.15)

Temps de séjour relatif (RRT)

La définition de RRT est introduite dans l’équation (B.16). La valeur RRT repose sur les effets de

l’OSI et du TAWSS. Une valeur RRT élevée indique plus de possibilités de dépôt sur la paroi du navire.

RRT = [(1 − 2.0 × OSI) × TAWSS]−1 (B.16)

Le rapport d’aspect concernant la hauteur de la jambe de force a été introduit et les effets sur

les variations hémodynamiques ont été étudiés. Un AR plus grand du stent signifie moins de hauteur

d’entretoise pénétrée dans la lumière conduisant à moins de perturbation de l’écoulement car la faible

valeur du taux de cisaillement de la paroi a tendance à être située dans la région de recirculation. Ainsi,

avec l’augmentation de AR, la région de faible valeur du taux de cisaillement du mur et la région de

valeur élevée des WSSG situés près des entretoises sont toutes deux diminuées, ce qui est cohérent entre

les cas stables et instables. De plus, un montant de AR élevé est avantageux pour réduire la région de

RRT et OSI élevés qui peuvent facilement entrâıner un dépôt, ainsi que la chute de pression avant et après

le stent. Cependant, même s’il est cohérent que la vitesse d’entrée est positivement liée à la distribution

du taux de cisaillement de la paroi à la fois dans les cas stationnaires et instables, les influences de la

pulsation d’écoulement considérées dans le cas instable font des différences dans les résultats.
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Appendix B. Resumé de la thèse en français

Transport de médicaments à partir du DES et validation

expérimentale

Le développement du DES est une avancée significative pour les traitements des maladies cardio-

vasculaires avec la réduction de la survenue de resténose d’environ 20% à 5% par rapport au BMS.

Cependant, l’utilisation encore plus répandue du DES a été limitée par la thrombose de suivi tardif.

Ainsi, l’optimisation du stent a été la question brûlante parmi les chercheurs qui souhaitent se concen-

trer principalement sur les enquêtes sur les mécanismes de libération de médicaments et les facteurs

influents sur l’amélioration des performances du DES. Parmi les articles publiés sur le DES, des enquêtes

numériques ont été plus couramment menées, cependant, il existe une pénurie de travaux de validation

expérimentale dans l’état actuel de la recherche. Par conséquent, afin d’aller de l’avant et de contribuer

aux données de recherche actuelles, des investigations numériques et expérimentales ont été considérées

ici. Un certain nombre de différents facteurs influents sur le transfert de masse ont été pris en compte

dans la littérature existante tels que les propriétés du polymère, les propriétés du médicament, les carac-

téristiques d’écoulement et les conceptions géométriques du stent. Cependant, en vue de l’optimisation

du DES, des travaux supplémentaires sont encore très nécessaires afin de mieux comprendre les mécan-

ismes internes et régler les confusions ainsi que le fait que certains résultats opposés existent dans la

littérature.

Mise en place du modèle géométrique

La figure B.10 montre le modèle géométrique 2D de l’artère traitée par DES. Trois domaines sont

inclus: le domaine sanguin (Ωb), le domaine tissulaire (Ωt) et le domaine polymère (Ωp). Trois entretoises

de forme carrée d’une longueur de 0.1 mm sont considérées avec une épaisseur de polymère de 0,05 mm.

La distance entre la position centrale des entretoises est de 0.7 mm. Le rayon de l’artère est de 1.75 mm,

ce qui correspond à l’artère coronaire. L’épaisseur de la paroi artérielle est de 0.5 mm. Les longueurs

d’artère avant et après le stent adoptent 4 mm et 6 mm séparément afin de garantir l’indépendance

géométrique.

Figure B.10: Modèle géométrique 2D d’artère avec stent à élution de médicament (mm)
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Transport de médicaments dans le domaine sanguin

La diffusion du médicament et la convection sont toutes deux concernées en raison de la présence

d’un flux sanguin dans le domaine de la lumière. Se référer à la littérature [168,169], la loi de Fick a été

couramment adoptée pour décrire le processus de transport de masse. Dans l’équation (B.17), l’équation

gouvernante est affichée couvrant à la fois les mécanismes de diffusion de masse et de convection.

∂cf

∂t
+ uf · ▽cf = Df ▽2 cf (B.17)

Où cf est la concentration de médicament dans le domaine d’écoulement, mol/m3; u est la vitesse

du sang, m/s; Df est le coefficient de diffusion en flux, m2/s.

Transport de médicaments dans le domaine tissulaire

Car la vitesse de filtration du débit dans les tissus est de l’ordre de 10−10 m/s [80] et le coefficient

de diffusion du paclitaxel utilisé dans la présente étude est Dt = 10−13 m2/s dans un tissu d’épaisseur

e = 0.5 mm [97,172], la convection d’écoulement est négligée en fonction du nombre de Peclet indiqué dans

l’équation (B.18). Le nombre de Peclet est un type de nombre sans dimension décrivant le phénomène

de transport et représente le rapport entre le transport par convection et le transport par diffusion.

Comme la valeur de Pe est approximativement de l’ordre de 10−1 dans notre cas, la diffusion garde le

rôle dominant dans les tissus. Ainsi, l’influence de la convection n’est pas prise en compte ici et l’équation

gouvernant le transfert de masse dans les tissus est définie dans l’équation (B.19).

Pe = eut

Dt
≈ 10−1 (B.18)

∂ct

∂t
= Dt ▽2 ct (B.19)

Transport de médicaments dans le domaine des polymères

Le polymère en tant que vecteur de médicament joue un rôle clé sur la vitesse de libération du

médicament. En général, la loi de diffusion de Fick a été utilisée pour donner la description fondamentale

du transport de masse à partir du polymère car la solubilité du médicament dans l’écoulement est

supérieure à la concentration maximale du médicament dans le polymère. Ainsi, tous les médicaments

sont capables d’être à l’état dissous puisque le flux pénètre instantanément dans le polymère. Dans

ce cas, l’équation à diffusion contrôlée est adoptée dans un polymère similaire au tissu comme indiqué

ci-dessous:
∂cp

∂t
= Dp ▽2 cp (B.20)

Où cp est la concentration de médicament dans le polymère, mol/m3. Dp est le coefficient de diffusion

du médicament dans le polymère, m2/s.

Les conditions aux limites ont été décrites ci-dessous: une concentration de médicament nulle est

donnée à l’entrée du domaine sanguin, le flux de médicament le long de l’axe z est considéré comme

égal à 0 à la sortie. Pour le domaine tissulaire, une concentration de médicament nulle est imposée aux
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deux limites latérales et il n’y a pas de flux de médicament à travers la limite externe du tissu. Un flux

de médicament continu est considéré à travers les interfaces, y compris l’interface sang-tissu, l’interface

sang-polymère et l’interface polymère-tissu. La concentration initiale du médicament dans le polymère

est de 100 mol/m3, cependant, la concentration initiale du médicament est fixée à 0 à la fois dans le

domaine sanguin et dans le domaine tissulaire.

cf |entrée = 0,
∂cf

∂z
|sortie = 0

Df ▽ cf = Dt ▽ ct (Interface sang-tissu)

Dp ▽ cp = Dt ▽ ct (Interface polymère-tissu)

Df ∇cf = Dp∇cp (Interface sang-polymère)

∂ct

∂r
|perivascularwall = 0

c|z=0 = c|z=L = 0 (Limites latérales des tissus)

c = 100 mol/m3 (Concentration initiale du médicament dans le polymère)

Transfert de masse depuis DES: étude des paramètres de contrôle

La libération et le transport du médicament du polymère dans les domaines des tissus et des lumières

ont été étudiés afin d’avoir une meilleure compréhension des mécanismes de transfert de masse dans

l’artère. Les résultats montrent une distribution de médicament relativement symétrique dans les tissus

entourant les entretoises. Les effets de la recirculation sur le transport des médicaments se sont avérés

négligés. En vue de l’amélioration des performances du DES, une étude des paramètres de contrôle a

été réalisée avec différentes épaisseurs de polymère, différents emplacements des entretoises et différents

coefficients de diffusion dans le polymère. Les résultats montrent qu’une épaisseur de polymère accrue

est bénéfique pour prolonger le temps de libération du médicament à partir du polymère et augmenter

le temps de rétention du médicament dans le tissu, ce qui est cohérent avec les résultats d’un stent plus

intégré dans le tissu et d’un coefficient de diffusion plus petit dans le polymère. La surface de contact

entre le stent et le tissu est un facteur clé sur les performances du stent.

Validation expérimentale du transfert de masse du polymère

Outre les investigations numériques, des travaux expérimentaux ont également été menés afin de

contribuer à la validation avec des résultats numériques.La veine de test est représentée sur la figure

B.11 avec tubes à essai parallèles. Le tube à essai est fabriqué de manière rectangulaire. La longueur

du canal d’écoulement est de 130 mm et la section transversale du canal est de forme carrée avec une

longueur de 30 mm.
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Figure B.11: Banc d’essai

• Propriété fluide

Dans les tests actuels, l’eau a été utilisée comme écoulement éliminant les médicaments du polymère.

La densité et la viscosité dynamique sont respectivement de 1000 kg/m3 et 6.9e-4 Pa · s. Le débit est

contrôlé à 7.5 ml/s ce qui correspond au débit de l’artère carotide interne lorsque l’on est au repos [175].

• Matériau polymère

Le polyuréthane non dégradable (PU) a été utilisé comme vecteur de médicaments. Des échantillons

de polymère de dimensions 30 × 5 × 2 mm3 ont été préparés avec un certain dosage de médicaments

(rapport massique médicament/(médicament+polymère)): 10%, 20% et 30% séparément. Les médica-

ments sont répartis de manière homogène dans le polymère et le film polymère a été fixé au milieu du

canal d’écoulement en contact avec la surface inférieure comme indiqué sur la figure ci-dessous:

Lumen of test tube

Polymer film

Lumen of test tube

Polymer film

Figure B.12: Schéma du canal d’écoulement avec film polymère

• Choix du médicament

Le médicament chargé dans le polymère a été sélectionné pour être le diclofénac pour les tests de

libération de médicament [176] et acheté au laboratoire de Genevrier. La particule de médicament
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est de forme granulaire avec une densité d’environ 450,7 mg/ml. La solubilité du médicament à une

température de 37°C dans l’eau est d’environ 5,554 g/L.

Pour se conformer à la taille de l’installation d’essai, le modèle géométrique 2D du canal d’écoulement

avec un polymère chargé de médicament à l’intérieur a été établi comme le montre la figure B.13.

Deux domaines sont inclus: le domaine d’écoulement et le domaine polymère. La longueur du canal

d’écoulement est de 130 mm et la hauteur de 30 mm. Le polymère mesure 2 mm de hauteur et 30 mm

de longueur horizontale situé au milieu de l’artère. Les limites comprennent l’entrée, la sortie, la paroi

du canal et les interfaces entre la lumière et le polymère. L’indépendance du maillage a été étudiée avec

la concentration de médicament dans le polymère à différentes tailles de mailles de 40976, 66592, 93125

et 131514. La précision des résultats peut être contrôlée en dessous de 1 % après le troisième maillage.

Ainsi, le maillage final de 93125 a été déterminé.

Figure B.13: Modèle géométrique 2D du canal d’écoulement avec polymère chargé de médicament

En termes de modèles mathématiques dans les polymères, la physique de diffusion et de dissolution

a été considérée afin de mieux décrire le processus pratique de libération de médicaments dans les

expériences. Les médicaments dans le polymère sont initialement en phase solide, puis se dissolvent et

se diffusent progressivement avec l’intrusion d’écoulement. Lorsque le polymère entre en contact avec

le fluide, le flux entrera par les limites et occupera les pores qui constituent le chemin de diffusion des

médicaments dissous. Le processus de dissolution suit la relation ci-dessous [177]:

b
β−→ c

Où b représente les médicaments en phase solide et c les médicaments en phase dissoute. β représente

le taux de dissolution. Les médicaments solides comme source de médicaments dissous ne peuvent pas

être diffusés et la diffusion se produit uniquement avec les médicaments dissous. Ainsi, les équations

gouvernantes sont établies comme suit [167]:

∂b

∂t
= −βb(S − c) (B.21)

∂c

∂t
= ▽ · (D ▽ c) + βb(S − c) (B.22)

Où S est la solubilité des médicaments dans le flux, 13,5 mol/m3. D est le coefficient de diffusion.

Comme la solubilité du médicament est inférieure aux concentrations initiales du médicament dans

notre étude, les valeurs de β sont déterminées en fonction des critères du nombre de Damköhler non

dimensionnel >> 1 qui est défini comme Da0
∗ = βBL2

c/D [167]. B est la concentration initiale du
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médicament dans le polymère. Ainsi, la valeur de β est fixée à 10 mol/(m3 · s). Pour la concentration

initiale du médicament dans le polymère, c = 0, b = B.

Les coefficients de diffusion dans le polymère avec différents dosages de médicament initial (10%,

20% et 30%) ont été calculés sur la base des données expérimentales de libération de médicament. Une

relation linéaire a été obtenue entre le dosage initial du médicament et le coefficient de diffusion. Ainsi,

le coefficient de diffusion dans le cas d’une dose de médicament à 15% peut être prédit sur la base de la

relation linéaire et une bonne validation a été obtenue entre les résultats numériques et expérimentaux

avec une dose de médicament de 15% dans le polymère.
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Conclusions et perspectives

Conclusions

Cette thèse vise à étudier les effets de la singularité géométrique artérielle sur la topologie des flux et

l’hémodynamique afin d’optimiser les performances du stent en reconnaissant mieux la physique associée

ainsi que le processus de transfert de masse du DES. Comme présenté dans le chapitre 1, certains centres

d’intérêt ont été mis en avant et étudiés dans les chapitres suivants.

Sur la base de l’état de l’art dans ce sujet tel que discuté au chapitre 1, il est connu que l’incidence de

la resténose ou de la thrombose est fortement liée à la région de recirculation provoquée par l’écoulement

perturbé. La faible valeur du taux de cisaillement située dans la région de recirculation joue un rôle

clé dans les contributions du dépôt sur la paroi du vaisseau. Les principales conclusions parmi la lit-

térature existante démontrent que la taille des tourbillons est affectée par les paramètres dynamiques de

l’écoulement tels que le nombre de Reynolds et la conception géométrique du stent telle que la forme et

la taille de la jambe de force. La taille de recirculation formée à la fois en amont et en aval de la jambe de

force a tendance à être inversement affectée par le nombre Re. De plus, la hauteur du stent s’avère être

l’un des facteurs les plus influents pour la taille de la recirculation. En ce qui concerne les enquêtes sur

le transfert de masse à partir du DES, l’étude des paramètres de contrôle du processus de transport des

médicaments a été couramment réalisée. Les paramètres de contrôle du nombre de flux, des propriétés

du polymère et de la taille du polymère sur le transport du médicament dans la lumière et le tissu ont été

largement pris en compte. Cependant, les mécanismes liés n’ont pas encore été pleinement explorés et

l’optimisation du stent nécessite plus d’efforts, y compris plus de considérations sur le débit d’impulsion,

les facteurs de conception de plusieurs stents, les caractéristiques de libération du médicament et les

travaux de recherche de validation nécessaires entre les simulations et les expériences concernant le DES.

En raison de la physique mécanique et biologique complexe du flux sanguin dans l’artère, les mod-

èles numériques établis ont été pris en compte dans les considérations et éclaircissements approfondis du

chapitre 2 concernant le flux sanguin dans l’artère coronaire. Les principales caractéristiques géométriques

artérielles de la bifurcation et de la tortuosité ont été étudiées récemment. Ainsi les investigations prélim-

inaires suite à la détermination des modèles numériques ont été réalisées avec l’artère sténotique couplant

les singularités géométriques: bifurcation et tortuosité comme les validations de modélisation. Les résul-

tats révèlent que la bifurcation ou la tortuosité peuvent avoir une influence directe sur la perturbation

de l’écoulement et les sites potentiels d’apparition de la plaque. En présence de structure de bifurcation,

lorsque la sténose est située dans la branche principale proximale, le développement de la recirculation

suit l’orientation du flux. Cependant, lorsque la sténose est située sur la branche latérale, les vortex se

sont formés à la fois en amont et en aval de la sténose. Par rapport à la longueur de la sténose, la sévérité

de la sténose joue un rôle plus important dans les variations hémodynamiques. Dans le cas de l’artère

tortueuse, la tortuosité courbe et spirale a été étudiée. L’écoulement en spirale a été observé le long de

la tortuosité en spirale et les avantages d’inhiber le dépôt ont été montrés par rapport à la tortuosité

courbe. Une petite partie de l’analyse diagnostique a également été introduite, ce qui donne dans une

certaine mesure des indications sur le traitement pratique.

Le chapitre 3 a mené le couplage entre l’artère coronaire et la performance du stent avec différentes

considérations de conception. Des cas 2D et 3D ont été réalisés en vue de différentes considérations

de conception de stent. La topologie du flux et les évaluations hémodynamiques ont été axées sur les

descripteurs basés sur WSS. Les résultats montrent que les recirculations formées à côté des entretoises
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sont fortement affectées par la fréquence du pouls et la géométrie du stent. La longueur horizontale de

recirculation en aval du stent reste la plus sensible à la fréquence du pouls en raison de la force d’inertie

moins confinée qui contraste avec la longueur verticale de recirculation en aval limitée par la hauteur de

l’entretoise. L’espace plus grand entre les entretoises s’avère bénéfique pour améliorer les performances

du stent avec un taux de cisaillement de paroi accru. Au lieu du modèle 2D, des investigations avec un

modèle 3D ont été effectuées avec l’établissement d’une géométrie pratique du stent et des cas stables et

instables ont été étudiés. Avec l’augmentation de AR, la région de faible valeur du taux de cisaillement

du mur et la région de valeur élevée des WSSG situés près des entretoises diminuent toutes deux, ce qui

est cohérent entre les cas stables et instables. De plus, un montant de AR élevé est avantageux pour

réduire la chute de pression à travers le stent et la région de RRT et d’OSI élevés qui ont tendance à

entrâıner un dépôt. De plus, même s’il est cohérent que la vitesse d’entrée est positivement liée à la

distribution du taux de cisaillement de la paroi à la fois dans les cas stables et instables, les influences

de la pulsation d’écoulement considérées dans le cas instable font des différences dans les résultats.

Suite aux interactions entre le flux et le stent, le chapitre 4 aborde le couplage physique entre le

flux et le transfert de masse en considérant le DES. Dans ce chapitre, des travaux à la fois numériques

et expérimentaux sont impliqués afin de mieux contrôler le processus de libération du médicament.

Les résultats ont démontré que les effets de la recirculation sur le transport des médicaments peuvent

être négligés. L’épaisseur accrue du polymère est bénéfique pour prolonger le temps de libération du

médicament à partir du polymère et augmenter le temps de rétention du médicament dans le tissu, ce

qui est cohérent avec les résultats d’un stent plus intégré dans le tissu et d’un coefficient de diffusion

plus petit dans le polymère. Grâce à des études expérimentales avec différentes doses de médicament

initiales (10%, 20%, 30%) dans le polymère, la relation linéaire entre le dosage initial du médicament

et le coefficient de diffusion dans le polymère a été prédite. Afin de vérifier cette relation linéaire,

les coefficients de diffusion avec 15% de médicaments dans le polymère sont calculés sur la base de la

relation linéaire entre le dosage initial du médicament et le coefficient de diffusion dans le polymère et un

bon ajustement a été obtenu pour la libération de médicament à partir du polymère entre les résultats

numériques et expérimentaux.

Perspectives

Sur la base de la présente étude numérique, de nombreuses améliorations du modèle numérique

doivent être mises en œuvre. De plus, les travaux ultérieurs d’investigations expérimentales restent

encore intéressants. Les principaux points ont été élucidés comme suit:

• Modélisation de l’amélioration du flux sanguin dans l’artère

Compte tenu du cas pratique du flux sanguin dans l’artère coronaire, la géométrie de l’artère est

compliquée avec un rayon irrégulier au lieu de prendre en compte la géométrie du cylindre à rayon

constant. Ainsi l’établissement du modèle géométrique de l’artère coronaire basé sur le cas humain

pratique est nécessaire pour être proche de la réalité. Quelques-unes des recherches en cours ont mis en

avant la propriété multiphase du flux sanguin au lieu d’une seule phase qui devrait également être mise

en œuvre dans les travaux futurs. De plus, la courbure et le mouvement du cœur ont été négligés dans

la présente étude et devraient être davantage pris en compte.

• Considérations de physique chimique dans les polymères et les tissus
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En ce qui concerne le transport de médicaments à partir du DES, la diffusion de médicaments a été

principalement envisagée dans le polymère et les tissus. Cependant, quel que soit le polymère ou le tissu

appartiennent tous deux au type de matériau poreux, ainsi l’intrusion d’écoulement dans le polymère

et le tissu doit être considérée à la fois. De plus, le tissu en tant que type de matériel biologique, les

réactions chimiques à l’intérieur devraient être complétées dans le modèle mathématique. Au lieu du

polymère non dégradé, la dégradation du polymère devrait être couverte dans les recherches futures.

• Améliorations des travaux expérimentaux et développement d’un modèle mathématique concernant

le transfert de masse

Malgré les travaux numériques, les perspectives concernant les expériences doivent également être

soulignées. Dans la présente étude, les travaux expérimentaux occupaient une petite partie de la thèse

qui validait la physique fondamentale du processus de transport des médicaments. Ainsi, des travaux

plus expérimentaux sont nécessaires et des modèles plus mathématiques doivent être développés, tels que

la relation entre la concentration initiale du médicament dans le polymère et le coefficient de diffusion

avec d’autres matériaux différents. De plus, l’adoption d’un débit pulsé doit être employée au lieu d’un

débit constant.
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Etude numérique des paramètres de contrôle
du couplage entre l’hémodynamique artérielle

et le stent à élution médicamenteuse

Résumé : Les maladies cardiovasculaires ont fortement menacé la vie des gens surtout dans les pays occidentaux. Face à

la génération de sténoses bloquant la circulation sanguine, l’implantation de stent a été un progrès significatif actuellement

pour les traitements. Cependant, les complications consécutives à l’implantation du stent nécessitent nécessairement

l’optimisation du stent. Par conséquent, dans la présente étude, la dynamique des fluides computationnelle est effectuée

dans le but de mieux reconnâıtre les caractéristiques physiques et mécaniques du flux sanguin ainsi que le transfert de

masse à partir du stent à élution médicamenteuse afin d’améliorer les performances du stent. Compte tenu de la physique

complexe liée à l’artère, les caractéristiques de modélisation du flux sanguin dans l’artère coronaire ont été discutées et

déterminées dans des vues numériques et mathématiques. La validation de la modélisation a été réalisée en parallèle

avec les études préliminaires concernant le flux sanguin dans l’artère sténotique couplant les principales caractéristiques

géométriques artérielles: bifurcation et tortuosité séparément. Des analyses diagnostiques et hémodynamiques ont été

menées pour évaluer la progression de la sténose. Dans le but d’optimiser le stent, les travaux suivants ont été réalisés en

se concentrant sur le flux sanguin dans l’artère coronaire stentée visant à étudier l’interaction entre le flux sanguin et les

performances du stent avec différents facteurs de conception géométrique. De plus, compte tenu du transfert de médicament

à partir du stent à élution médicamenteuse, le couplage physique entre flux et transfert de masse a été établi numériquement

et expérimentalement. Les résultats révèlent qu’une moindre intrusion de stent dans le domaine d’écoulement est bénéfique

pour réduire les perturbations d’écoulement et prolonger le temps de rétention du médicament dans les tissus. Une

bonne comparaison de la libération de médicament à partir du polymère a été réalisée entre les résultats numériques et

expérimentaux.

Mots clés : hémodynamique, topologie d’écoulement, contrainte de cisaillement de la paroi, transfert de masse, stent à

élution médicamenteuse, dynamique des fluides computationnelle.

Abstract : Cardiovascular disease has been strongly threatening people’s life leading to heart attacks, stokes and even

deaths especially in western countries. Confronting the generation of stenosis blocking the blood flow, stent implantation

has been a significant progress currently for the treatments. However, the complications following stent implantation require

the optimization of stent necessarily. Therefore, in the present study, the computational fluid dynamics is carried out aiming

to better acknowledge the physical and mechanical characteristics of blood flow as well as mass transfer from drug-eluting

stent (DES) in order to improve the stent performance. Considering the complex physics related in artery, the modeling

characteristics of blood flow in coronary artery have been discussed and determined in numerical and mathematical views.

Modeling validation has been carried out with the preliminary studies regarding blood flow in stenotic artery coupling the

main arterial geometrical characteristics: bifurcation and tortuosity separately. Both hemodynamic and practical diagnostic

analysis have been conducted to evaluate the stenosis development, potential stenosis sites and give guidance to practice

treatment. With the purpose of stent optimization, the following research were carried out focusing on the blood flow in

stented coronary artery aiming to investigate the interaction between the blood flow and stent performance with different

geometrical design factors. Furthermore, considering the drug transfer from DES, the physical coupling between flow and

mass transfer has been established in order to better acknowledge the drug transport process numerically and experimentally.

The results reveal that less intrusion of stent in flow domain is beneficial to reduce flow disturbance and prolong drug

retain time in tissue. A good comparison of drug release from polymer has been achieved between simulation and experiment.

Keywords :hemodynamics, flow topology, wall shear stress, mass transfer, drug-eluting stent, computational fluid dy-

namics.
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