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Abstract   

Coronary heart disease (CHD) is the leading cause of death in western 

world. Percutaneous coronary intervention (PCI) is the most common 

treatment method, among others, to maintain the physiological blood 

flow inside the coronary arteries. Although implanting the novel 

recently-designed stents inside the occluded coronary arteries has 

shown a noticeable improvements in clinical outcomes, there are still 

some consequences to deal with such as restenosis and thrombosis. 

Computational methods proved to be the method of choice to 

investigate the hemodynamics of coronary arteries pre and post-

stenting; however, the accuracy of the computational studies depends 

to much extent on how realistic the geometry and boundary 

conditions are.  

The objective of this work is to develop a method for the precise 

reconstruction of hemodynamics and quantification of wall shear 

stress in stented vessels. We have developed a compound method 

based on ex vivo stent implantation, vascular corrosion casting, 

micro-computed tomography imaging and computational fluid 

dynamics.  Optimizing every single steps of this compound method, it 

yields accurate local flow information through anatomic fidelity, 

capturing in detail the stent geometry, arterial tissue prolapse, radial 

and axial arterial deformation as well as strut malapposition.  

We applied our method as a proof of concept to study the 

hemodynamics of stented arteries in non-overlapping and 

overlapping cases. In overlap cases, we observed a significant increase 

in the relative area exposed to low wall shear stress (<0.5 Pa) in the 
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overlapping stent segments compared both to areas without overlap 

in the same samples, as well as to non-overlapping stents. We further 

observed that the configuration of the overlapping stent struts relative 

to each other influenced the size of the low WSS area. 

Since nowadays drug-eluting stents (DES) are accepted as 

mainstream endovascular therapy and yet concerns for their safety 

exists, we made use of our method to investigate the hemodynamics 

of stent overlap in porcine coronary arteries together with mass 

transport and drug deposition inside the arterial wall. This trial 

emphasizes the significant role of flow disruption on drug deposition 

inside vascular wall and investigates the risks involved in overlap 

cases. Our results confirm that drugs with a narrow toxic-to-

therapeutic ratio or therapeutic window such as paclitaxel may suffer 

severely from suboptimal dosing at sites of struts adjacency and 

overlap, and stents delivering these drugs require extra mid-term and 

long-term clinical investigations in terms of performance and 

efficacy. 

This novel compound method may serve as a unique tool for spatially 

resolved analysis of the relationship between hemodynamic factors 

and vascular biology. It can further be employed to optimize stent 

design and stenting strategies. 
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Zusammenfassung   

Koronare Herzkrankheit (KHK) ist die häufigste Todesursache in der 

westlichen Welt. Perkutane transluminale koronare Angioplastie 

(PTCA) ist die meist verwendete Behandlungsmethode um den 

Blutfluss innerhalb der Koronararterien wiederherzustellen. Obwohl 

das Implantieren der neuesten Stents innerhalb von verstopften 

Koronararterien eine spürbare Verbesserung in den klinischen 

Ergebnissen aufgezeigt hat, gibt es noch einige Folgen wie Restenose 

und Thrombose zu behandeln. Computersimulationen erwiesen sich 

als die Methode der Wahl, um die Hämodynamik der Koronararterien 

vor und nach dem Einfügen der Stents zu untersuchen. Allerdings 

hängt die Genauigkeit dieser theoretischen Studien zu stark davon ab, 

wie realistisch die Geometrie und Randbedingungen sind. 

Das Ziel dieser Arbeit ist es, ein Verfahren für die genaue 

Rekonstruktion der Hämodynamik und die Quantifizierung der 

Wandschubspannung (WSS) in Gefässen mit Stents zu entwickeln. 

Wir haben ein Verfahren basierend auf ex vivo Stentimplantation, 

Gefässausgusspräparation, Mikro-Computertomographie und 

numerischer Strömungsmechanik entwickelt. Die Optimierung jedes 

einzelnen Schrittes dieses Verfahren ergibt genaue Informationen 

über lokale Strömungen. Die Methode erlaubt die detaillierte 

Erfassung der Stentgeometrie, des Arteriengewebes, der radialen und 

axialen arteriellen Verformungen sowie Verformungen der 

Stentstreben. 

Wir verwendeten unsere Methode für eine Machbarkeitsstudie um 

die Hämodynamik in Arterien mit mehreren Stents.  Es wurden 

überlappende und nicht überlappende Fälle  studiert.  In den Fällen 
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mit überlappenden Stents beobachteten wir eine deutliche Zunahme 

der relativen Orte mit niedriger Wandschubspannung (<0,5 Pa) 

innerhalb der überlappenden Stentsegmente verglichen mit  Gebieten 

ohne Überlappung in den gleichen Proben, sowie nicht-

überlappenden Stents. Desweiteren beobachteten wir, dass die 

Ausrichtung der überlappenden Stentstreben relativ zueinander die 

Größe des niedrigen WSS Bereich beeinflusst. 

Heutzutage gelten Medikament freisetzende Stents  als allgemein 

akzeptierte endovaskuläre Therapiemassnahme, jedoch gibt es immer 

noch Bedenken bezüglich ihrer Sicherheit. Wir nutzen unsere 

Methode, um die Hämodynamik der überlappenden Stents in 

Koronararterien von Schweinen im Zusammenhang mit 

Stofftransport und Medikamentenabscheidung  innerhalb der 

arteriellen Wand zu untersuchen. Diese Studie unterstreicht die 

wichtige Rolle der Störungen im Blutfluss und deren Auswirkung auf 

die Wirkstoffablagerung innerhalb der Gefäßwand sowie die Risiken 

in Fällen  mit überlappenden Stents. Unsere Ergebnisse bestätigen, 

dass die Wirkung von Medikamenten mit einem schmalen 

therapeutischen Fenster wie zum Beispiel Paclitaxel durch 

suboptimale Dosierung an Standorten von Streben und 

Überschneidungen von Stents in Mitleidenschaft gezogen wird. Es 

werden zusätzliche mittel- und langfristige klinische Untersuchungen 

bezüglich der Leistung und der Wirksamkeit dieser Medikamente 

benötigt. 

Dieses neue Verfahren kann als ein einzigartiges Werkzeug für die 

ortsauflösende Analyse der Beziehung zwischen hämodynamischen 

Faktoren und Gefäßbiologie dienen. Das Verfahren kann zusätzlich 

für Optimierung von Stent-Design und Stenting-Strategien verwendet 

werden. 
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1  Introduction 

Heart is the vital muscular organ of the body which pumps the blood 

through circulatory system. The function of this system is to provide 

the body with enough oxygen and nutrients and simultaneously 

deprive the wastes of metabolic reactions.  However, the heart as a 

muscle per se requires to be fed by enough supply of blood. Since the 

exchange made by endocardium is not sufficient to fulfill the hearts 

requirements, the heart receives the needed blood supply almost 

completely from the coronary arteries. 

1.1 Coronary circulation 

Coronary arteries are the first branches of aorta with diameters of 

approximately 3 mm branching out of it just above aortic valve 

immediately after the aorta exists the left ventricle   (Dodge et al., 

1992). These tree-like arteries include two main branches, left 

coronary artery (LCA) and right coronary artery (RCA). LCA stems 

from the left aortic sinus while RCA originates from the right aortic 

sinus. The LCA afterwards bifurcates into two main branches called 

left anterior descending (LAD) artery and the left circumflex (LCX) 

artery (Robert O'Rourke, 2009).  

Coronary dominance is determined by the artery which supplies the 

posterior descending artery (PDA). If the LCX provides PDA with 

blood the coronary circulation is called left-dominant which is only 

10% of the cases in general approximation. In case the PDA is 

perfused with the RCA then the circulation is classified as right-

dominant and it includes the majority of cases, approximately 70 %. 

For the rest of 20 % of general population the PDA is supplied both by 

the RCA and LCX and is called co-dominant (Berne, 1986; Robert 

O'Rourke, 2009). The bifurcations of left and right coronary arteries 
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continue up to eleven levels when they reach the sizes of capillaries 

(Kassab et al., 1993).  

 

Figure 1.1. Anatomy of the heart and major coronary vessels 

Most myocardial perfusion happens while heart relaxation phase 

(diastole) since subendocardial coronary vessels are patent and 

experiencing less pressure opposite to the systole. This results in 

some difficulties regarding the filling process of coronary arteries 

(Porter, 1898). 

Properly functioning coronary arteries provide heart with enough 

supply of blood through some regulations. Physical, neural and 

metabolic processes regulate the coronary arteries. The flow and 

pressure inside coronary arteries are balanced by smooth muscle cells 

(SMC) inside the arteries.  
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 Generally the normal arterial wall consists of three main layers, 

named from inside to outside the intima, the media and the 

adventitia respectively (Figure 1.2). Each of these layers has different 

and clear function regarding the mechanical properties and 

physiological roles (Holzapfel et al., 2005).  

The innermost layer, intima, is separated from the lumen by a single 

layer of endothelial cells (EC). Despite having negligible effect on 

mechanical property of an artery, EC layer plays a central role in 

hemodynamics and transport through the artery (Fung, 1996).  

 
Figure 1.2. Normal coronary artery wall with different layers (Ref: 3FX, inc.) 

The subenthothelium layer consists of proteoglycan and collagen. An 

elastic connective tissue, named internal elastic lamina, separates the 

subendothelium layer from the intermediate level, the media. The 

media consists of a complex network of SMC, elastin and collagen 

fibrils and characterizing a major portion of the vessel wall is 

responsible for mechanical strength of the artery (Silverthorn, 2001). 

The outermost layer of vessel wall, the adventitia, consists of 
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fibroblasts and fibrocytes, disorganized thick bundle of collagen 

fibrils, nerves and nutrient vessels and play a minor role in arterial 

mechanics.  

1.2 Coronary artery disease 

Due to biomechanical nature of cardiovascular system, its 

performance is affected both by the mechanical interaction of 

pulsatile blood flow with vessel walls as well as biochemical reactions 

happening in micro-scale level. If any of these factors deteriorate due 

to some reasons such as heart disfunctioning, arterial wall weakening 

or deposition of bad cholesterol (low density lipoprotein, LDL) among 

others, cardiovascular disease (CVD) will emerge. 

Coronary Artery Disease (CAD) one of major families of CVD occurs 

in the case of ischemia. It is the major cause of death in western 

countries, and also causes majority of deaths in the low and middle-

income countries (Gaziano et al., 2010). The term ischemia belongs to 

the case when the heart is not receiving enough oxygen and nutrients 

due to limited supply of blood as a result of arterial stenosis made by 

calcified plaques. The most important manifestation of CAD causing 

the generation and growth of lesions is “Atherosclerosis”. 

Atherosclerosis, a degenerative arterial disease, could be briefly 

described as thickening and hardening of vascular wall.  It can either 

lead to completely occlude of the vessel or rupture of the arterial wall 

and blockage of it at a more distal location. Both cases lead to 

myocardial infarction generally known as heart attacks and could be 

lethal. 

1.2.1 Progression of Atherosclerosis 

The whole cascade of biological processes leading to atherosclerosis 

which is shown in Figure 1.3 is explained here in brief (Libby, 2001). 
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Low-density lipoproteins (LDL) are up taken by the vessel wall as 

building material or for ATP production. In a situation of excess of 

cholesterol containing LDL, it accumulates in a vessel wall between 

the endothelium and the connecting tissue (refer to phase 3 of 

Figure 1.3). As a first step of plaque formation, these LDLs are 

oxidized and absorbed by macrophages. Phagocytosis of these 

oxidized LDLs, lead to attraction of SMCs due to some hormone 

secretion and results in formation of foam cells and fibrofatty tissue 

in the wall (phase 4, Figure 1.3) (Ross, 1986). 

 The part of wall between the lumen and fibrofatty tissue, which is 

made of SMCs and collagen fibers,  is called the fibrous cap and the 

lesion in this stage is called fatty streak (Malek Am, 1999; Libby, 

2001). This early stage of atherosclerosis is accompanied by 

dysfunctional endothelium, which triggers a cascade of processes 

leading to progression of more complex lesion composition from the 

fatty streak (Ross, 1986). 
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Figure 1.3. Cascade of different stages of atherosclerosis progression: 1- a 

normal healthy artery, 2- presence of lipoproteins in blood stream, 

3- storage of lipoproteins, 4- formation of fibrofatty, 5-Rupture of 

cap leading to thrombus formation, 6- stable fibrous or calcified 

plaque, 7- mural thrombus due to erosion (Libby, 2001) 
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By progression of the lesion, cholesterol continues to accumulate and 

fibrous scar tissue forms around it. Furthermore, SMCs continue to 

migrate and divide at the spot which leads to thickening the arterial 

wall and narrowing the lumen of the vessel (Silverthorn, 2001) 

(Figure 1.4). 

 
Figure 1.4. Formation of fatty streak, precursor to Atherosclerotic plaque 

(Silverthorn, 2001) 

 
Figure 1.5. Formation of stable plaque including a fibrous scar tissue 

(Silverthorn, 2001) 

Due to circumferential adaptive growth of arterial wall in initial 

stages (called vessel remodeling, see Figure 1.6), the growing lesion 

does not change the lumen considerably (Glagov et al., 1987). 

However, there is a limit for this adaptive growth of the artery and at 

a certain period of plaque progression lumen narrowing and arterial 

occlusion starts to happen (phase 6, Figure 1.3) . 
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Figure 1.6. Positive and negative remodeling captured by conventional intra 

vascular ultrasound (IVUS) imaging technique and VH color-coding 

map for visualization purposes. (A) Lesion with acute coronary 

syndrome together with  positive remodeling. The external elastic 

membrane (EEM) cross-sectional area (CSA) is shown, and lumen 

CSA is  3.0 mm2. (B) Lesion with stable angina is shown with 

negative remodeling. Lumen CSA is 1.6 mm2 and this segment is 

predominantly fibrous (lower right). (Fujii et al., 2005) 
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As already mentioned, it is not possible for the artery to remodel 

outwards unlimitedly. When the artery reaches its barriers of 

possibility for outward remodeling, the progression of the plaque into 

the lumen occurs. This is the time for considerable reduction of the 

lumen area and serious disruption of hemodynamics (phase 6, 

Figure 1.3). As long as the artery is not ruptured, the plaque is called 

stable angina. Mural thrombus is formed if the inward growing 

arterial wall ruptures, which will lead to acute cardiac consequences 

such as MI (phase 7, Figure 1.3). 

By the progression of the lesion, cells of fatty deposit may die, and 

then the calcified scar tissue may form. Weakening of the fibrous cap 

cause an incidence which is referred to as unstable or vulnerable 

plaque (Figure 1.7) (Lusis, 2000; Kolodgie et al., 2001; Virmani et al., 

2006). It is also possible for the fibrous cap to rupture and form a 

thrombus due to blood coagulation (Burke et al., 1997; Silverthorn, 

2001) Phase 5, Figure 1.3. It is a very hazardous situation as the 

thrombus may occlude the artery at the site of formation or can be 

transported to distal locations and may lead to acute myocardial 

infarction (MI) or sudden death in case of complete occlusion 

(Figure 1.8).  

 
Figure 1.7. Vulnerable plaque including calcifications (Silverthorn, 2001) 
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Figure 1.8. Morphology of human coronary arteries with vulnerable, disrupted 

and stable plaques (Left) Plaque rupture showing disruption of 

fibrous cap (red arrowhead) with thrombus (Thr) 

superimposed. (Middle) A thin-cap fibroatheroma (TCFA) including 

a large hemorrhagic necrotic core (NC) within the plaque. White 

arrows are pointing to the thinnest portion of the fibrous 

cap. (Right) A Stable plaque mainly consisting of fibrous tissue with 

calcification (black arrows). (Narula et al., 2013) 

1.3 Treatment methods 

The first and simplest treatment for CAD is medication usage. Acute 

CAD and more progressed plaques would need an intervention or 

revascularization surgery.  When there are several sites of blockage in 

arterial tree, the coronary artery bypass grafting (CABG) is applied 

and one or multiple grafted vessels are harvested to bypass the 

severely occluded coronary arteries and maintain the blood flow in 

the vessels. If the blockage is not so severe, an interventional 

procedure is applied which includes either an expandable balloons 

alone (angioplasty)  or combined with deployment of a metal net 

called stent (Figure 1.9). In the angioplasty procedure the occluded 

artery is re-opened mechanically using an inflatable balloon running 

on a guide wire through a catheter. The whole imaging-modality-

guided procedure is done with inflation of the balloon to a certain 

diameter using a specified pressure of water. If the angioplasty is not 



11 

 

effective, tubular metal structures (stents) are expanded with the help 

of an inflating balloon inside the artery and act as a scaffold to keep 

the occluded part open. Pressure distribution and flow rate are the 

most crucial factors which should be carefully inspected before and 

after the intervention. This emphasizes the importance of 

investigating the hemodynamics of coronary arteries pre and post the 

intervention. 

 

 

A 

B 
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Figure 1.9. Different methods of CAD treatment (A) Coronary bypass surgery 

(B) Balloon angioplasty (C) Stent Implantation (Image credits: 

Bristol-Myers Squibb Imaging, Inc.) 

1.4 Localization of atherosclerotic lesions 

There are several risk factors known to play a role in CAD 

development and progression of plaques such as high blood pressure 

(Robertso.Wb & Strong, 1968; Berenson et al., 1998), 

hypercholesteremia (Davis Ce, 1990), smoking (Price et al., 1999; 

Bazzano et al., 2003) and diabetes (Kannel & McGee, 1979; 

Fontbonne et al., 1989) among others. However, certain pattern of 

preference is reported for the localization of plaque progression in 

arterial tree. Also the adverse clinical outcomes such as restenosis and 

thrombosis are reported due to a certain localized factors involved in 

the healing process. 

The distribution of vascular plaques are non-uniform in arterial tree 

(Friedman et al., 1993; Ravensbergen et al., 1998; Frangos et al., 

1999; Stone et al., 2012), and there are some preferred sites for 

atherosclerosis such as arterial bifurcation (Zarins et al., 1983; 

C 
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Friedman et al., 1987), inner curve of coronary arteries (Sabbah et al., 

1986; Krams et al., 1997), some segments of the aorta (Rodkiewicz, 

1975; Moore et al., 1994) and the bulb of carotid artery (Hulthe et al., 

1997; Kornet et al., 1998). The localization of plaque progression sites 

is mainly decided based on the mechanical stress of the wall (Salzar et 

al., 1995; Thubrikar & Robicsek, 1995) or wall shear stress due to the 

blood flow inside the arteries (Gibson et al., 1993). These localizing 

factors are the principal culprit for the localized high lipid 

concentration, violation of arterial wall permeability (Lei et al., 1996; 

Nielsen, 1996), local wall geometry alteration (Friedman et al., 

1986)and regional arterial wall mechanics. Those localized factors 

also play a role in the negative clinical outcomes after the stent 

implantation or any other intervention and need to be 

comprehensively investigated (Fontaine et al., 1994; Hoffmann et al., 

1997). 

As this thesis is mainly focused on study of hemodynamics in stented 

arteries, wall shear stress (WSS) is the main manifestation of blood 

flow which is focused on here. It has been extensively reported that 

WSS is influencing the vascular health and pathogenesis. WSS is the 

tangential stress as a result of the friction of the blood flow on the 

endothelial layer of the artery. It is defined in cases where the 

viscosity is independent of shear strain (Newtonian flow), 

proportional to the spatial gradient of blood velocity at the vascular 

wall with the dynamic viscosity of blood as the proportionality 

coefficient (Slager et al., 2005): 

         (   )   
  

  
|
   

  (1.1) 

As the blood flow has an unsteady nature, the patterns of WSS are 

determined based on behavior of pulsatile flow both in direction and 
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magnitude (Feldman & Stone, 2000; Chatzizisis et al., 2007). Hence, 

based on complex configuration of the coronary arteries and stent 

deployment and pulsatile behavior of the flow the WSS is established. 

The WSS in healthy arteries is in the range of 1.5 to 7 Pa (Malek et al., 

1999; Stone et al., 2003b), which is mainly occurring in quite straight 

coronary arteries. In regions of disturbed flow, e.g. stented segments, 

proximal to stenosis and irregular geometrical configurations (Ku, 

1997; Chatzizisis et al., 2007), low WSS is seen which is below 1 Pa 

(Malek et al., 1999; Stone et al., 2003a). Oscillatory WSS is observed 

distal to stenosis and lateral walls of bifurcations and mainly lead to a 

very low time-averaged WSS (Ku et al., 1985; Ku, 1997; Gimbrone et 

al., 2000). In addition to temporal oscillation, considerable change in 

spatial gradient of WSS is also reported to be responsible for 

progression of atherosclerosis (Nagel et al., 1999; Giannoglou et al., 

2002; Knight et al., 2010; Rikhtegar et al., 2012).  

1.5 Hemodynamics 

From biological point of view, low WSS would be extremely important 

in violation of mechanotransduction of endothelial cells and 

triggering of complex network of intracellular pathways (Traub & 

Berk, 1998; Li et al., 2005). Moreover, low WSS promotes 

atherosclerosis with attenuating the atheroprotective factors in the 

endothelium, sponsoring the LDL uptake and permeability, 

stimulating the oxidative stresses for engulfed LDLs,  promoting the 

inflammation through upregulating various endothelial genes 

(Chatzizisis et al., 2007). Atherosclerosis also is promoted by 

stimulation of SMCs migration, differentiation and proliferation as a 

result of low WSS (Ross, 1999). Extracellular matrix of vascular wall 

and plaque fibrous cap is also degraded and synthesized owing to low 

WSS and significantly promote the atherosclerosis (Ross, 1999). 
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Plaque thrombogenecity and calcification is also reported to 

potentially being promoted by disruption of the flow and low WSS 

(Qiu & Tarbell, 2000). In addition, the dynamic interplay of the local 

hemodynamics and the vascular wall biology is also suspected to 

affect the natural response of the arterial wall to the formation and  

progression of plaques, called remodeling (Schoenhagen et al., 2000).   

Taking all the mentioned localization phenomena and biological 

evidences into account  the importance of investigation of 

hemodynamics, and WSS in particular, becomes more evident. 

Studying the hemodynamics of coronary arteries is also very 

important to predict the CAD in advance investigating the patterns of 

WSS and it can also be used as a complementary strategy of treatment 

to regions with high-risk lesions (Stone et al., 2003b; Rikhtegar et al., 

2012; Stone et al., 2012). It is also of great value to study the 

hemodynamics of stented arteries to investigate the importance of 

WSS and its role on prediction of clinical consequences such as 

restenosis and thrombosis. 

1.6 Motivations of this work 

The study of the hemodynamics that causes restenosis is very 

important for clinicians, biomedical engineers and ultimately, 

patients. There are three main approaches towards the study of 

stented arteries hemodynamics: In Vivo, In Vitro and In Silico. The 

first involves stent implantation in animals or humans followed by 

radiographic imaging (Wang et al., 2000b; Kastrati et al., 2001b; 

Kereiakes et al., 2006), or indeed, after sacrifice of the animal, 

histological studies (Wilson et al., 2007). In Vitro approaches use 

experimental techniques to study the mechanics of the flow in the 

stented arteries (cadaveric or artificial models) (Balakrishnan et al., 

2005). Finally, the last approach concerns simulations of the flow 
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using computers, notably through computational fluid dynamics 

(CFD). 

In CFD, the specimen 3D geometry (i.e. the shape of the stented 

coronary artery) is normally obtained either through an idealized 

model (LaDisa et al., 2005c) or through non-invasive (medical) 

imaging (Myers et al., 2001; Wentzel et al., 2003; Benndorf et al., 

2009a). It is then reconstructed into a mesh composed of many small 

finite elements or volumes. The fluid flow is then simulated by solving 

the Navier-Stokes equations in each of these volumes (Steinman, 

2002).  Most commonly, given the diameter of the coronary arteries, 

the blood is assumed to behave as a Newtonian fluid (Steinman, 

2002; Murphy & Boyle, 2010a). The variables influencing the growth 

of neo-intimal hyperplasia (NIH) can then be calculated through the 

post-processing of the simulation results. 

CFD is proved to be the method of choice for investigating the 

hemodynamics in stented arteries given the large differences in the 

scales of the arteries (~3 mm) and the stent struts (~50 µm) (Pant et 

al., 2010). Using CFD it is then possible to predict the variables that 

result in the worsening of hemodynamics as far as adverse clinical 

outcomes are concerned across all of these scales. However, the 

precision of CFD results are very much dependent on the geometrical 

fidelity of the arterial wall and implanted stent model.  

The great majority of CFD studies of stented coronary arteries employ 

an idealized geometry, whereby the stent geometry is ‘cut’ away from 

a computer-generated cylinder (the model artery) (LaDisa et al., 

2005b; LaDisa et al., 2006; Pant et al., 2010). Alternative studies, 

based on medical imaging (as shown in Figure 1.2 below, using intra-

vascular ultrasound - IVUS), are limited as they only produce low-
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resolution geometries and hence are unable to resolve individual 

stent struts (Pant et al., 2010).  

 

Figure 1.10. CFD Simulation results relating calculated WSS to measured NIH 

on a stented right coronary artery (RCA) geometry obtained from 

Intra-Vascular Ultrasound (IVUS) (Wentzel et al., 2003) 

Moreover, even if a realistic patient anatomy is used, the solid 

mechanics of the stent expansion process is too complex to model and 

hence a stent model is generally inserted computationally (Ohta et al., 

2007; Gundert et al., 2011). Alternatively, stents have also been 

deployed in plastic atherosclerotic model arteries (using rubber 

tubing and foam) and imaged using micro computerized tomography 

(µCT), as in Figure 1.3b (Connolley et al., 2007; Benndorf et al., 

2009a). Another approach is to use µCT to assess the deployment of a 

stent in an artery (i.e. rabbit aorta) filled with gelatinous contrast 

medium (Figure 1.3a) (Yajima, 2007). However, the obtained 

geometry is not rigid (manipulation can change it substantially) and 

hence not appropriate for use for CFD studies. Nevertheless, there is 

no method published to date that is able to acquire the geometry of 

the deployed stent and the real coronary artery at sufficient resolution 

for CFD. Additionally, stent implantation has been known to 

substantially alter the artery geometry and therefore conducting 

simulations in a ‘model’ artery might not be realistic (Wentzel et al., 
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2001). To date, no studies have been able to capture these effects to 

produce accurate arterial and stent 3D geometries for CFD (Murphy 

& Boyle, 2010a).  

 

Figure 1.11. (A) µCT of a stented rabbit coronary artery (Yajima, 2007). (B) X-

ray projection of stent deployed in a mock atherosclerotic (with 

foam) polyurethane artery (Connolley et al., 2007) 

One method that has been used to acquire the geometry of arteries 

(without a stent) at resolutions high enough for detailed CFD of flow 

along the wall is through vascular corrosion casting (VCC) and µCT 

(Van Steenkiste et al., 2010). VCC, originally developed for producing 

anatomical specimens, is now undergoing a revival as it is being used 

to make quantitative measurements at various scales of the 

vasculature (Moore, 1998; Wang et al., 2000b; Hossler & Douglas, 

2001; Schneider et al., 2009; Van Steenkiste et al., 2010). It involves 

B A 
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injecting a low-viscosity resin and hardener into the lumen of a 

vessel. Once the resin has solidified, the tissue is macerated 

chemically leaving a solid cast of the vessel structure up to the 

capillary level (Figure 1.4) (Schneider et al., 2009). The cast can then 

be scanned using µCT and a high-resolution 3D geometry of the 

vessel (including surface effects) can be obtained. Despite having 

found some use in the study of coronary arteries (Zeindler et al., 

1989; Myers et al., 2001), VCC in the presence of a deployed stent 

has, to our knowledge, not been published so far.  

 

Figure 1.12. Vascular corrosion cast (VCC) of stented porcine left coronary 

artery 

It therefore follows that we can use VCC on a stented coronary artery 

to obtain a cast of the realistic geometry. After imaging with µCT, we 

will obtain an extremely realistic geometry to be used in CFD 
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simulations. This will likely resolve many of the problems in using 

simplified geometries for CFD simulations that have been reported in 

literature (Murphy & Boyle, 2010a). Given the similarities between 

the porcine heart and the human heart, we will use cadaveric porcine 

hearts to perform the casting (Crick et al., 1998; Wang et al., 2000b). 

The workflow will be as follows (Refer to Figure 1.13):    

1. Heart preparation and cannulation 

2. Stent implantation in coronary artery using angiography 

in catheter lab 

3. VCC of stented artery 

4. Imaging of cast using µCT 

5. Extraction of 3D geometry for simulation 

6. CFD simulation of blood flow 

7. Analysis of variables associated to restenosis and NIH 

 

Through this process, we will obtain a much clearer and accurate idea 

of the effect of the stent on the near-wall hemodynamics and on the 

likelihood of restenosis. Using such a realistic geometry will 

substantially reduce the geometrical assumptions that have so far 

limited the applicability of previous CFD simulations of stented 

arteries (Murphy & Boyle, 2008). Above all it will approximate 

engineering simulations to the clinic. Most interestingly, it will also 

allow us to study the hemodynamics of existing and new complex 

clinical stenting procedures. 
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Figure 1.13. Brief visualization of the method (A) Ex vivo stent implantation 

(B) Vascular corrosion casting (C) Segmentation and surface 

reconstruction (D) Computational study of hemodynamics and WSS 

distribution 
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1.7 Aim of the project 

In this project we aim to develop a method, based on VCC and µCT, 

that will be successful in acquiring the stented coronary artery 

geometry for use in CFD simulations. This will require adapting 

existing VCC methods to the presence of the metallic stent in the 

artery. Not only will this be able to capture many stent-induced 

geometrical features of the arterial tree, but it will also be able to 

resolve the actual deployed stent geometry. The final aim is to then be 

able to make much more realistic CFD simulations of stented 

coronary arteries. 

We then aim to apply it as a proof-of-concept to the hemodynamic 

study of a complex stenting procedure, namely, stent overlap. We use 

VCC and µCT to obtain the geometry of an overlapped and a non-

overlapped double stented porcine coronary arteries. We then 

conduct an initial CFD simulation and analyze the hemodynamic 

variables and features normally associated to NIH growth. With this 

we aim to determine whether the hemodynamics could be 

contributing to the increased reported restenosis rates in overlapped 

stents. We also conduct the mass transport analysis in the same cases 

via simulating the elution of overlapping drug eluting stents to show 

the applicability of this method in even more sophisticated scenarios. 

1.8 Thesis structure 

This report is structured as follows: 

Section 2 presents a detailed overview of the final developed 

methodology for analyzing stented coronary arteries1. First, we 

explain the preparation and stent implantation of the hearts. 

Secondly, we outline the VCC casting method of the stented left 

                                                                    
1 A detailed step-by-step methodology is presented in appendices 1 and 2.  



23 

 

coronary artery as well as the imaging of the cast. Thirdly, we detail 

the procedure to extract and post-process the 3D geometry obtained 

from the µCT scans. Finally, we describe the meshing and simulation 

procedure, including the boundary conditions used. In each section, 

we review methods and procedures employed already trying to show 

the advantages of our approach. 

Section 3 contains the CFD simulation results for non-overlapping 

stented left porcine coronary arteries. This first delves on making 

simple observations about the geometric fidelity of the acquired 

geometry. We then present the results of a steady and unsteady 

simulation on samples. This contains the WSS distributions globally 

in the artery and locally in the stented region. Moreover, we also 

analyze the flow pattern close to the struts for both cases. Lastly, we 

make some quantitative comparisons between the samples in terms 

of the area subjected to low WSS. 

Section 4 presents the results of simulations in overlapping stented 

coronary arteries of pig. We follow the same order, first analyzing the 

physiological realism of the acquired geometry, then the 

haemodynamics and finally the effects of stent overlap. We also 

discuss some of the limitations that hinder this study thus far. 

Section 5 presents the results of mass transfer in stented coronary 

arteries. Release of special type of drug is modeled in an overlapping 

sample to demonstrate the capability of method to be developed to 

even higher level of complexity. It also tries to interpret some clinical 

consequences related to implantation of DES reported thus far in the 

literature. 

Section 6 contains the overall conclusions we are able to make about 

the effectiveness of our method as well as the haemodynamics of 
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stented arteries with different configurations. We also outline the 

potential for future work that comes as a result of our method. 
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Nomenclature 

Abbreviation 

AMS  Absorbable Metal Stent  

AWAC  Area Weighted Average Concentration 

BMS  Bare Metal Stent  

CABG  Coronary Artery Bypass Grafting  

CAD  Coronary Artery Disease  

CFD  Computational Fluid Dynamics 

CHD  Coronary Heart Disease 

CSA  cross-sectional area 

CT  Computed Tomography 

CVD  Cardiovascular Disease 

DES  Drug Eluting Stent  

EC  Endothelial Cells 

EEM  External Elastic Membrane 

ESS  Endothelial Shear Stress 

HR  High Resolution 

ISR  In-Stent Restenosis 

IVUS  Intravascular Ultrasound 

LAD  Left Anterior Descending  

LCA  Left Coronary Artery 

LCX  Left Circumflex 

LDL  Low-density Lipoproteins 

LR  Low Resolution 

MEK  Methyl Ethyl Ketone 

MB  Main Branch 

MI  Myocardial Infarction 

MRI  Magnetic Resonance Imaging 

NIH  Neo-intimal Hyperplasia 
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NO  Non-overlapping 

OSI  Oscillatory Shear Index 

OV  Overlapping 

PCI  Percutaneous Coronary Intervention 

PDA  Posterior Descending Artery  

RCA  Right Coronary Artery 

SMC  Smooth Muscle Cells 

STL  Stereo Lithography 

VCC  Vascular Corrosion Casting 

VWAC  Volume Weighted Average Concentration 

WSS  Wall Shear Stress  

WSSG  Wall Shear Stress Gradient 

CT  Micro-Computed Tomography 

 

Symbols 

C  Concentration 

D  Diffusivity 

K  Permeability 

P  Pressure 

Re  Reynolds number 

t  Time 

V  Velocity 

x,y  Cartesian Coordinates 

µ  Dynamic Viscosity 

3D  Three Dimensional 
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2 Method 

In order to justify and develop this approach, we first address issues 

pertaining to the physiological realism of stented coronary artery 

geometry in CFD simulations. We then explain the different steps of 

the method and examine how they can be improved.  

The validity of CFD simulations per se as a method for analyzing 

hemodynamics (vis-à-vis In Vitro or In Vivo methods) (Duraiswamy 

et al., 2007; Murphy & Boyle, 2010a) or in terms of its use as a 

predictor for restenosis (Wentzel et al., 2001; LaDisa et al., 2006) has 

been previously addressed in literature. Therefore, here we focus only 

on determining the importance of acquiring such a complex geometry 

in the most realistic form possible and using this to make better 

estimations of the hemodynamic variables related to restenosis. 

2.1 Geometry for CFD 

CFD simulations have so far proved to be a good tool for analysis of 

hemodynamics and the prediction of stent restenosis. The 

correlations between hemodynamics variables such as low WSS and 

high WSSG and restenosis through NIH are clear and taken as a given 

in many studies (Wentzel et al., 2001; LaDisa et al., 2005b; 

Duraiswamy et al., 2007; Benndorf et al., 2009a; Pant et al., 2010; 

Gundert et al., 2011). However, most of these studies rely on 

significant assumptions in terms of the geometry used for simulation 

and its resemblance to the real case (Murphy & Boyle, 2010a). In fact, 

most only consider a straight circular tube with grooves cut to 

represent the stent struts (Figure 2.1). This ignores several 

histologically identified issues such as arterial tissue prolapse in 

between stent struts, axial and circumferential deformation of the 
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stented vessel as well as the variable deployed stent strut geometry 

and its malapposition.  

 

Figure 2.1. Circular geometry with grooves representing stent struts (LaDisa et 

al., 2005b) 

Many stents used in angioplasty are expanded using a balloon-tipped 

catheter. Studying the effects of this expansion on the stent geometry 

analytically or numerically is a very complicated solid mechanics 

problem (Connolley et al., 2007). Therefore, most CFD simulations of 

stented arteries ignore this and only rely on an CAD based model of 

real stents (Murphy & Boyle, 2008; Pant et al., 2010) or an idealised 

‘standard’ geometry with criss-crossed struts (as in Figure 2.1 or 

Figure 2.3) (LaDisa et al., 2005a; LaDisa et al., 2005b; LaDisa et al., 

2006; Gundert et al., 2011). In both approaches, stent deployment is 

simply carried out by ‘subtracting’ the stent geometry from a model 

artery. This fails to take into account over, or under-deployment of 

stent, a parameter which has been histologically shown to affect 
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restenosis (Alfonso et al., 2004). Moreover, this is unable to predict 

the effect of asymmetric, malapposed, misaligned, or prolapsed stent 

elements1 (Benndorf et al., 2009a).  These are all parameters that 

locally alter the flow and will therefore likely affect the WSS.  

An alternative therefore is to use imaging, namely µCT 2, to capture 

the 3D stent geometry after deployment. In most studies, the stent is 

deployed in a polymer tube and then imaged in a high resolution µCT 

scan (Connolley et al., 2007; Ohta et al., 2007; Benndorf et al., 

2009a). One study tried to capture what happens to the stent when 

deployed in a site with atherosclerosis (Connolley et al., 2007). This 

relied on a model atherosclerotic artery based on a latex tube with 

silicone foam to represent the plaque. This showed that µCT is a 

useful tool to capture the deployed stent geometry. Another study 

used this technique to better approximate the computational stent 

geometry to the real case and to image prolapsed strut elements (see 

Figure 2.2) (Benndorf et al., 2009a). In this study a CFD simulation 

was also performed and it was found that the WSS was clearly 

affected by these deployment imperfections. Interestingly, it was 

found that WSS increased around areas of strut prolapse, suggesting a 

higher velocity of blood at the wall (i.e. between the strut and the 

wall). 

                                                                    
1 When the stent is not uniformly expanded. As a result, the distal and 

proximal ends protrude away from the lumen, leaving a path for blood to 

flow between the stent strut and the arterial wall. 
2 Due to the small size of the stent struts (50-100 µm), they cannot be 

resolved in regular CT. 
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Figure 2.2. A & C: µCT ‘down the barrel’ reconstructions for two different types 

of commercially available stents (strut prolapse shown by arrows), B 

& D: Velocity contour plots on cross-section (Benndorf et al., 

2009a).   

Nevertheless, none of these studies capture the stent geometry when 

deployed against the walls of a coronary artery with acceptable 

precision. This is problematic as one can expect the material 

properties of latex tubes and coronary arteries to be very different. In 

order to address this, an alternative approach has been to deploy and 

image the stents in animal blood vessels (Yajima, 2007). A contrast 

agent within the arterial lumen was used to differentiate it from the 
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arterial wall and to minimize CT metal artifacts3. This suggests that 

complete imaging of deployed stents in actual arteries is possible. 

Therefore, by combining VCC (with a suitable contrast agent) of a 

stented coronary artery with µCT, we expect to be able to capture the 

real geometry of the deployed stent. This would also incorporate any 

effects resulting from mechanical stent-artery interactions such as 

stent-induced arterial straightening and stent strut prolapse. This will 

be crucial in studying stent overlap, whereby some stent struts will 

(i.e. the ‘inner’ stent) not be in contact with the arterial wall. 

In summary, we have seen that most CFD simulations of stents are 

limited in making too many significant assumptions about the actual 

stent and vessel geometry. Not only is the arterial geometry 

substantially affected by the presence of the stent, but also the stent 

geometry itself can vary a lot after deployment. Not taking these 

effects into account clearly affects the quality of the estimations of the 

haemodynamic variables associated to NIH and restenosis. There is 

therefore a clear need for a method that can computationally acquire 

the geometry of a stented coronary artery. We believe that, through 

VCC, we will be able to produce a cast of the stented artery that can be 

imaged in µCT to produce a realistic high-resolution geometry nearly 

identical to the ex vivo geometry of the artery and deployed stent. 

This will not only improve the quality of CFD simulations, but it will 

also enable the study of much more complex stenting procedures such 

as stent overlap. 

                                                                    
3 ‘Streaking’ artefacts are generally observed when imaging metals in CT. 

These occur in CT scanners due to the fact that metals have high X-Ray 

linear attenuation coefficients (associated to their large atomic mass) and 

hence ‘hide’ the material behind it from the rays. For more information 

please see section 2.3.  
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2.1.1 Arterial tissue prolapse 

When a stent is deployed in a coronary artery, it is generally 

implanted at a stent-to-artery diameter ratio (SAR) of 1.1-1.2 (Murphy 

& Boyle, 2008). Therefore, it is natural to assume that the elastic wall 

of the arteries will, depending on the space between struts, push 

through and result in a tissue prolapse through the struts. Some 

studies have begun to address the effect that this might have on CFD 

simulations of the local hemodynamics (LaDisa et al., 2005a; Murphy 

& Boyle, 2008). In one study, tissue prolapse, predicted through a 

mathematical arterial mechanical model, was incorporated into the 

stented arterial geometry for two different stents and compared with 

two no-prolapse cases (simple (SAR=1) and oversized) (Murphy & 

Boyle, 2008). The change in NIH-related parameters is shown in 

Table 2.1. 

Table  2.1. WSS in relation to Simple, Oversized and Oversized with Prolapse 

geometries (Murphy & Boyle, 2008) 

Stent Type 
Stent #1 –  

Gianturco-Roubin II 

Stent #2 –  

Palmaz-Schatz 

Computational 

Model 
Simple Oversized 

Oversized 

with 

Prolapse 

Simple Oversized 

Oversized 

with 

Prolapse 

Normalized area 

exposed to WSS 

< 0.5 Pa 

0.111 0.241 0.262 0.035 0.197 0.210 

Normalized area 

exposed to 

WSSG > 200 

Pa/m 

0.537 0.608 0.925 0.662 0.739 0.953 

 

From this data we can conclude that by employing simple geometries 

with no oversize (irrespective of prolapse), we are substantially 
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underestimating the area exposed to low WSS. Moreover, by ignoring 

tissue prolapse, we end up underestimating the area exposed to high 

WSSG by 34.3% and 22.4%, and the area exposed to low WSS by 

8.0% and 6.3%, in stents #1 and #2, respectively comparing the 

oversized with prolapse to the no-prolapse oversized. If comparing 

the oversized with prolapse to the simple case the underestimation is 

even more drastic (WSSG #1 - 41.9%, WSSG #2 - 30.5%, WSS #1 - 

57.6% and WSS #2 - 83.3%). Therefore, considering arterial tissue 

prolapse is a crucial requirement for obtaining a realistic geometry for 

future, clinically-relevant, CFD simulations of stented coronary 

arteries. We predict that by using VCC, we will build a faithful replica 

of the arterial geometry post-implantation and hence we will be able 

to capture this prolapse and incorporate its effects in CFD 

simulations.  

2.1.2 Circular wall deformation 

As we have seen above, stent oversizing changes the geometry of the 

stented coronary artery between stent struts, and consequentially it 

changes the flow properties near the wall. However, even when 

incorporating stent oversize, most studies normally rely only on a 

purely circular stented arterial cross section, with simple groves 

representing the stents (see Figure 2.3a). Histological evidence has 

shown that stent deployment also alters the circumferential cross-

section of the artery (Danenberg et al., 2002). The effect this could 

have on the flow was studied by modeling the arterial cross-section as 

a polygonal area and comparing it to a purely circular cross-section 

for stents with four and eight struts (see Figure 2.3) (LaDisa et al., 

2005a).  
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Figure 2.3. Circular and polygonal cross-section geometries (left) CFD 

simulation results of WSS for two different stent designs (four and 

eight struts) using different cross sections (right) (LaDisa et al., 

2005a) 

The main finding from this study was that WSSG is substantially 

increased in stents with a polygonal (non-circular) cross-section. The 

area exposed to high WSSG (greater than 200 Pa/m) increased 

compared to the circular case by 30.2% and 16.8% for the stents with 

four and eight struts, respectively. Regarding the area exposed to low 

WSS, the polygonal cross-section increased this for four struts but 

decreased this for eight struts and was therefore inconclusive. 

Nevertheless, this shows that assuming purely circular arterial 

geometries for CFD simulations of stented arteries underestimates 

the area exposed to high WSSG, and hence the likelihood of NIH and 

restenosis. As a result, by using a method such as VCC, which can 

capture the stented arterial cross-section more faithfully, we will 

improve the quality and applicability of our CFD simulations. 

a b 
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2.1.3 Axial arterial deformation 

It is widely known that the curvature of the coronary arteries affects 

the blood flow pattern and consequently the distribution of WSS 

(Caro et al., 1996; Perktold et al., 1997; Myers et al., 2001). 

Additionally, it has been seen that the curvature and tortuosity of the 

vessel can vary substantially during the cardiac cycle, both as a 

function of the myocardial movement as well as the varying pressure 

in the coronary artery (Pao et al., 1992). This has resulted in the fact 

that the inner or myocardial surface of the coronary artery is 

generally the main site of atherosclerotic plaque, and NIH, build-up 

(Wentzel et al., 2001; Knight et al., 2010; Murphy & Boyle, 2010a). 

Therefore, considering the arterial geometry both proximal and distal 

to the area of stent implantation becomes extremely valuable. This 

might substantially change the velocity profile at the inlet and outlet 

of the stented section and thus would affect any CFD simulations 

(Steinman, 2002).  

  

Figure 2.4. VCC of coronary vasculature of a porcine heart (showing the LCA 

on the left and the RCA on the right) 
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By using VCC, we will be able to capture this realistic geometry from 

the ostium all the way down to the apex of the heart (see Figure 2.4) 

and hence be able to take curvature into account for future CFD 

simulations. 

As we have seen before, stent implantation does result in substantial 

deformation of the artery cross-section. Deformation has also been 

identified in the axial direction, whereby the stent may cause a 

straightening of the artery (Wentzel et al., 2000). This has been 

studied in a CFD simulation (LaDisa et al., 2006) using a flexible 

stent (which conforms to the original assumed arterial curvature) and 

an inflexible stent (which straightens the artery), as shown in 

Figure 2.5.   

 

Figure 2.5. Flexible and Inflexible stents in stented arterial models (LaDisa et 

al., 2006) 

Such a change in curvature did not substantially alter the total area 

exposed to low WSS < 0.5 Pa (Murphy & Boyle, 2010a). The main 

change however, was that the inflexible stent, when compared to the 

flexible stent, had higher WSS on the proximal pericardial (1.17 Pa 

versus 0.89 Pa) and the distal myocardial surfaces (1.26 Pa versus 
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0.89 Pa). Additionally, the proximal myocardial surface for the 

inflexible stent showed the lowest values of WSS. This shows how the 

velocity profile can be skewed when we consider the effects of the 

stent-induced axial deformation on the arterial geometry. Overall it 

reinforces the importance of performing CFD simulations on a 

geometry that can take this stent-induced reduced curvature into 

account. It is important to note that pure CAD-based stent studies 

such as (Gundert et al., 2011) do not take this into account. By using 

VCC, we will be able to capture the effects of the stent on the axial and 

circular deformation of the artery in our 3D geometry and hence, 

perform much more realistic flow simulations. 

2.2 Methods 

After having reviewed the factors playing a role in geometrical fidelity 

of the model, we are now in a better position to outline the 

methodology used to capture the geometry for the CFD simulations. 

In this section we outline the final method4 which was used to obtain 

the geometry as well as the simulation results.  

In describing the method we will therefore follow the workflow shown 

in section 1. This involves heart preparation and stent implantation, 

VCC and µCT imaging, finally followed by the extraction of the 3D 

geometry and the subsequent CFD simulation. 

2.2.1 Heart preparation and cannulation 

As previously mentioned, given the similarities between porcine and 

human hearts and the ethical concerns inherent in procuring the 

latter, we have used porcine hearts for this study (Crick et al., 1998; 

Wang et al., 2000b). Therefore, any references to anatomical features 

                                                                    
4 For a detailed step-by-step explanation of the method the reader is referred 

to appendix 1 (Casting) and appendix 2 (Imaging and Processing). 
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(i.e. left coronary artery, etc.) refer to the porcine heart and cannot be 

directly related in name to the human equivalent.  

Fresh cadaveric porcine hearts with intact ascending aorta procured 

from the local slaughter house5 were used with permission. All but the 

initial 10 mm of the aorta from the aortic valve of the attached 

vasculature was completely dissected away (i.e. aorta, vena cava, 

pulmonary vessels, etc.) to leave only the heart. This was so as to 

ensure easy access to the coronary artery ostiums. After dissection 

each heart was washed and weighed so as to provide a rough estimate 

of heart size for better comparison of the final geometry.  

  

Figure 2.6. Flexible and Inflexible stents in stented arterial models (LaDisa et 

al., 2006) 

Given the inherent tortuosity of the right coronary artery (RCA) in the 

porcine heart, the left coronary artery (LCA) was chosen for this study 

(Crick et al., 1998). After exposure of the left coronary ostium, a 

modified 5 F sheath introducer cannula6 was inserted until the tip 

was 15 mm distal to the ostium. The modification involved shortening 

                                                                    
5 Schlachthof Zurich, Herdernstrasse 59, 8004 Zurich, Switzerland. 
6 Cordis Corporation AVANTI®+ 5F Introducer 0.38” 11cm. 
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the tubing lengths to reduce the pressure drop during resin injection 

(see Figure 2.7B). The cannula was fixed using surgical ligation 

suturing7 in two places, ensuring that the coronary artery itself was 

not punctured. The cannula therefore acted as a gateway to the artery, 

allowing for stent-catheter insertion as well as resin injection (see 

Figure 2.12 B). The artery was then flushed with heparinized solution 

to prevent further blood clots from forming and the heart was stored 

in saline and refrigerated until the moment of stent implantation (at a 

maximum of 24 hours later).  

    

Figure 2.7. (A) Cannulated and cleaned heart ready for stent implantation (B) 

Modified 5F cannula sheath 

2.2.2 Stent implantation 

Prior to stent implantation, the hearts were left to settle at room 

temperature. Stent implantation was performed in an angiography 

suite (catheter lab)8 using standard clinical procedures by a trained 

interventional cardiologist (see Figure 2.8). The implanted stents 

were (research-only) absorbable metal stents (AMS), BIOTRONIK, 

Bülach, Switzerland, and were 10 mm in length and 3 mm in diameter 

                                                                    
7 B|BRAUN Silkam® 2/0 24 mm DS24. 
8 UniversitätsSpital, Rämistrasse 100, 8091 Zurich, Switzerland. 
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each. The balloon-tipped catheter had two radiographic markers, 

roughly 5 mm before and after the stent. This was used to either 

perform an overlapped implantation whereby the distal marker of the 

second (proximal) stent was placed between the markers of the first 

(distal) stent. As a result, the distal stent was deployed first and the 

proximal stent was deployed ‘inside’ the distal stent. For non-

overlapped implantation, we attempted to align the distal marker on 

the proximal stent to the proximal marker of the distal stent. Stent 

deployment was always performed by inflating the balloon to 12 bar 

pressure according to manufacturer recommendations.  
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Figure 2.8. Cathlab of University Hospital Zurich with the prepared ex vivo 

heart before intervention in the inset (Top), Angiogram of 

cannulated coronary artery flushed with contrast agent with guide 

wire inserted into main left coronary artery (Bottom). 

2.3 Vascular corrosion casting 

Vascular corrosion casting (VCC) has recently been revived as tool for 

extracting and analyzing complex vascular geometries (Zeindler et al., 

1989; Hossler & Douglas, 2001; Myers et al., 2001; Schneider et al., 

2009; Van Steenkiste et al., 2010). It involves injecting a low-

viscosity resin and hardener into the lumen of a vessel. Once the resin 

has solidified, the tissue is macerated chemically, leaving a solid cast 

of the vessel structure up to the capillary level. After imaging of the 

cast with µCT, the vascular 3D geometry can be used for study, 

namely through CFD simulations (Van Steenkiste et al., 2010). The 

level of realism of the produced cast depends on several factors, 
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notably, the resin used, its viscosity, as well as the injection pressure 

utilized.  

2.3.1 Important parameters 

2.3.1.1 Resin selection 

The choice of resin will have a profound effect on the final cast 

geometry. One of the most important parameters is the resin 

viscosity. It will affect not only the ease of use and injection for the 

user, but also the level (or depth) of the vascular tree that can be 

resolved9. In most resins, viscosity is a property that can be tailored 

by the addition of solvents, such as Methyl Ethyl Ketone (MEK, in 

proportions from 0-40%) (Krucker et al., 2006). Naturally this is a 

parameter that will affect how long the resin takes to harden as well 

as how the viscosity changes with time (Krucker et al., 2006). 

As the resin hardens, the viscosity changes drastically. Therefore, it is 

important that the viscosity at the time of injection is appropriate to 

the desired level of the vessel to be casted. Contrary to a large number 

of VCC studies that aim to resolve the capillary structure in order to 

perform morphological investigations of the capillaries (Hossler & 

Douglas, 2001; Schneider et al., 2009), this project requires solely the 

first two or three levels of the coronary artery geometry. As a result, 

we suggest that injection should only occur once the viscosity of the 

resin becomes too high to penetrate the capillaries. The amount of 

time post-mixing required to ensure this will likely have to be 

determined by trial and error as it is specific to the resin composition 

and the amount of solvent used.  

                                                                    
9 With high viscosity, the resin might be unable to penetrate smaller 

diameter vessels.  
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Another property closely related to the resin choice is its shrinkage 

after injection. As resins harden as a result of a polymerization 

reaction, it is natural to expect some shrinkage of the cast. In order to 

obtain a realistic geometry, this shrinkage should obviously be 

minimized. Therefore we expect this to be one of the most important 

parameters in our choice of resin. There are many available resins for 

use in VCC and the reported values for shrinkage vary, as shown in 

table 2.2 below. It must also be noted that, for most resins, the 

amount of solvent is positively correlated to the amount of shrinkage 

(Hossler & Douglas, 2001; Krucker et al., 2006). Lastly, the cost of 

resins can vary substantially as well (also shown in Table 2.2). As a 

result, the resin with the best compromise between shrinkage and 

cost is BIODUR® E20, an epoxy-based resin extensively used for 

VCC and plastination of anatomic specimens .  

Table  2.2. Shrinkage and kit cost data for various resins (various sources) 

Resin 
Diameter 

Shrinkage 

Volume 

Shrinkage 
Cost per kit10 

Batson’s #17 

(Kratky & 

Roach) 

9.9% ± 0.5% 20.0% ± 0.7% 

CHF11 339.68 

(Polysciences, 

2011) 

Mercox 

(Hossler & 

Douglas, 

2001) 

- 5% – 10% 

CHF12 272.06 

(Research, 

2011) 

PU4ii 

(Krucker et 

al., 2006) 

1.5% – 6.8% - 

CHF13 858.03 

(VasQtec, 

2011) 

                                                                    
10 One kit is equivalent to the minimum order quantity. 
11 Original price – EUR 285.00, exchange rate 1:1.192 as of 24.06.2011. 
12 Original price – USD 325.00, exchange rate 1:0.837 as of 24.06.2011. 
13 Original price – EUR 720.00, exchange rate 1:1.192 as of 24.06.2011. 
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BIODUR® 

E20 (Whalley, 

2006) 

- < 2% 

CHF14 71.03 

(BIODUR®, 

2010) 

 

2.3.1.2 Resin contrast agent 

In order to make the stented cast visible and easy to resolve under 

µCT, the resin was modified to make it radiopaque. This involved 

choosing a suitable contrast agent with a high atomic weight that 

could be added to the resin. Barium Sulphate (BaSO4) has been 

explored in literature as a possibility, however after a pilot-trial we 

also observed the already-reported clumping of particles in the resin 

(see Figure 2.9A) (Schneider et al., 2009). Another option, suggested 

by the resin manufacture, was to introduce radiopacity in the cast by 

making the solvent itself radiopaque. Radiopacity in the solvent can 

be introduced by dissolving (I2) crystals in the solvent until saturation 

(Andermahr et al., 1999). After experimentation it was found that the 

maximum iodine to MEK ratio that allowed for complete dissolution 

was 0.73:1. This was also calculated so as to provide an overall 

percentage of iodine by mass in the final resin as 5%, the same order 

of magnitude as reported in literature (Andermahr et al., 1999). 

When imaged with a stainless-steel BMS, the radiopaque cast still 

produced metal artifacts (Figure 2.9B). However, when combined 

with a magnesium alloy AMS, there was a good contrast between the 

radiopaque cast, the stent and the surroundings with little or no metal 

artifacts (Figure 2.9C).  

                                                                    
14 Original price – EUR 60.00, exchange rate 1:1.192 as of 24.06.2011. 

B A C 
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Figure 2.9. (A) BaSO4 contrast agent (B) I2 contrast agent with steel BMS (C) 

I2 contrast agent with AMS 

As a result iodine dissolved in MEK was selected as the contrast 

agent. This radiopaque solvent was prepared first. This was done 

under a fume hood given the safety considerations necessary when 

handling iodine crystals (Sciencelab.com, 2011). The final resin 

mixture for the implantation of one LCA is summarized below in 

Table 2.3. 

Table  2.3. Resin components for casting of one Left coronary artery 

Component name Ratio Amount [g] 

BIODUR® E20 Resin 1 2.5000 

BIODUR® E20 Hardener 0.45 1.1250 

Methyl Ethyl Ketone 0.1 0.2500 

Iodine 0.0775 0.1938 

 Total 4.06875 

2.3.1.3 Injection pressure 

In conjunction to the cast shrinkage, another factor that will 

determine the quality of the cast and the subsequent geometry is the 

injection pressure. Not only will it affect the level of the vascular tree 

c 
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that is reached by the resin, but it will also affect the diameter and 

curvature of the casted artery (Pao et al., 1992). This often resulted in 

over-inflated arteries with fully embedded stents, as can be seen in 

Figure 2.10A.  

  

Figure 2.10. (A) VCC of LCA using manual resin injection – note the 

completely embedded stent as well as over-expanded vessels  (B) 

VCC of LCA using controlled resin injection pressure – note the 

non-embedded stent 

 Therefore, physiological pressures appropriate to the vasculature in 

question should be used (Moore, 1998; Hossler & Douglas, 2001). 

One effective way of performing this is to use a syringe connected to a 

compressed air source, whereby the injection pressure can be 

carefully controlled with a pressure regulator (Griffiths, 1998; Moore, 

1998). This allows for the resin to set and harden under pressure, 

hence ensuring the desired physiologic geometry. In order to make 

the process more repeatable, we adapted an air pressure based system 

to allow us to carefully control the injection pressure (Griffiths, 1998). 

During normal function, porcine hearts produce systolic pressures in 

the range of 100 mmHg and diastolic pressures of around 15 mm Hg 

A B 
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(Takahashi et al., 1991). Hence, if we inject the resin under 

physiological pressures of 70-90 mmHg (90 mbar – 120 mbar), we 

can expect to obtain the appropriate in vivo diameter and curvature 

of the coronary arteries. Moreover, this coincides with most VCC 

studies performed under controlled pressure for a variety of animal 

models, where 100 mmHg was used (Moore, 1998; Hossler & 

Douglas, 2001; Myers et al., 2001). Due to the tested properties of 

these resins, this casting process will be repeatable and applicable to a 

wide variety of stenting techniques. 

2.3.2 Casting steps 

2.3.2.1 Resin preparation 

Vascular corrosion casting was performed using BIODUR® E20, a 

low-shrinkage epoxy-based resin (Whalley, 2006). A solvent, namely 

Methyl Ethyl Ketone (MEK), was also added to decrease the viscosity 

and increase the setting time, allowing for easier manipulation. 

Iodine is also added to the MEK to change the radiopacity as 

explained. The mixing ratio of the resin to the hardener and to the 

solvent was 1:0.45:0.1 (see table 3.1). After mixing the resin, it was 

degassed in a vacuum chamber for 2-3 minutes to remove any 

trapped air bubbles. This resin composition allowed for optimum 

viscosity at 15 minutes post-preparation for injection into the main 

branches of the left coronary artery without penetrating the capillary 

bed. This ensured the best quality of the final cast with the resin 

effectively being trapped between the closed cannula and the high-

resistance small-scale vessels.  

2.3.2.2 Resin Injection 

Prior to any resin injection the coronary artery was flushed with water 

to further remove air bubbles, particularly within the coronary artery 

(see Figure 2.11). As mentioned in section 2.3.1.3, the resin injection 
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pressure can greatly influence the final geometry of the cast. The 

injection is involved connecting the resin-filled injection syringe to a 

regulator and a compressed air source (see Figure 2.12A). Therefore 

we were able to apply a constant physiologic pressure of 120 mbar (90 

mmHg), which produced much more realistic and reproducible casts 

(see Figure 2.12B).  

 

 

Figure 2.11. (A) Filling the heart container with water (B) Flushing the hearts 

with water to remove any air bubble 

A 

B 
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After injection the cannulas were closed using the built-in stopper 

while still leaving the pressure on. This ensured that the resin would 

be allowed to set at a near-pressurized state. Additionally, the hearts 

were left in water at room temperature during the entire casting 

process (until tissue maceration) to prevent air bubbles forming in 

the cast as well as to try to mimic physiologic conditions (see 

Figure 2.11B).   

  

Figure 2.12. (A) Air pressure injection system for controlled resin injection 

into heart (B) resin injection process 

2.3.2.3 Tissue maceration and cleaning 

After the resin injection, the hearts were left submerged in water at 

room temperature for at least 36 hours to allow the resin to fully 

harden. In order to macerate the remaining heart tissue, the heart 

was placed in a glass jar filled with 7.5% w/w of Potassium Hydroxide 

(KOH) and placed in an oven for 12 hours at 55 ˚C (Figure 2.13A). 

A B 
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After maceration, the KOH solution containing the tissue was 

disposed of and the casts were washed in water with detergent to 

remove any remaining tissue or fat. Once dry, any small vessels 

(roughly 10% the size of the main branch cross-sectional area) were 

removed. This is acceptable as these have been shown to have only a 

small effect on the actual flow parameters (Steinman, 2002). The 

final casting result is shown in Figure 2.13B below, at the moment 

when the casts were ready for µCT imaging.  

  

Figure 2.13. (A) The hearts in macerating solution placed in the oven (B) Final 

cast of the porcine left coronary artery with overlapping stents 

2.4 µCT imaging of stented casts 

µCT has become the technique of choice for non-destructively 

obtaining the high-resolution 3D structure of biological samples 

(Muller & Stauber, 2008). It relies on a series of projections of X-ray 

beams around a sample to create a 2D slice absorption map 

(Figure 2.14). Many subsequent slices can then be taken axially to 

produce by post-processing a three dimensional surface rendering of 

the sample. This can then be converted to an arterial volume and 

inserted into meshing programs to produce a finite-volume model 

that can be used for CFD simulations. The µCT scanning resolution 

can vary depending on the scanner. However for the scanners used in 

B A 
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this study15, the maximum available resolution is 6 µm  and the 

minimum available resolution is 74 µm .  

 

Figure 2.14. Schematic of a µCT - X-ray tube emits X-rays which are collimated 

and filtered and projected through a rotating sample and detected by 

a CCD panel (Muller & Stauber, 2008) 

Given the small scale of vessels such as the coronary arteries (3 mm 

diameter), µCT is the ideal imaging modality to provide sufficient 

resolution for CFD simulations. Moreover, part of the cast can be 

scanned at different resolutions (i.e. high resolution for stented 

section, lower resolution for stentless-sections) to decrease the (high-

cost) scan time.  

The main issue, however, arises from the fact that the linear 

attenuation coefficient for most VCC resins is very low. As a result, 

these appear under very low contrast for µCT scans and thus have 

poor imaging characteristics with a low signal-to-noise ratio 

(SCANCO; Krucker et al., 2006). Most of the work done to overcome 

                                                                    
15 Scanners (SCANCO µCT40 and µCT80) used from the Prof. Ralph 

Müller Group, Institute for Biomechanics, ETH Zurich, Zurich, Switzerland. 
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this has been based on coating the cast with a compound that has a 

high atomic weight (which corresponds to higher attenuation). The 

most successful method involved coating the cast using an aqueous 

solution of Osmium Tetroxide (OsO4) (Riew & Smith, 1971; Krucker et 

al., 2006). Nevertheless this presents some substantial challenges as 

OsO4 is very toxic and the surface coating, and hence the imaged 

geometry surface, might not be uniform.  

The most important problems however arise from the fact that we are 

imaging a cast with a deployed stent. Even though imaging stent 

deployment through µCT has already been performed (see 

section 2.1) (Connolley et al., 2007; Ohta et al., 2007; Benndorf et al., 

2009a), imaging them together has never been tried. The issue here 

lies in the fact that metal stents, given their high atomic densities and 

consequently high attenuation coefficients, create substantial metal 

artifacts in µCT imaging. These are presented as ‘streaking’ artifacts, 

as the metal blocks the X-ray projections from reaching what is 

behind it (see Figure 2.15) and the cast can then not be imaged. The 

method presented here as a first attempt relied on chemically 

dissolving away the stent before imaging using a contrast agent set on 

the cast surface (Osmium Tetroxide – OsO4). However, this created 

several problems as embedded stent struts could not be fully 

dissolved and hence still presented metal artifacts, albeit at 

uncontrolled locations. Moreover, the contrast agent used was 

extremely toxic and hard to handle; hence, a new approach was 

developed. 
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Figure 2.15. µCT slice of a fully deployed stainless steel stent in a model (latex 

tube) artery showing metal ‘streaking’ artifacts (Connolley et al., 

2007b) 

According to (Muller & Stauber, 2008), the only way of overcoming 

this is by reducing the difference in attenuation between the metal 

and the surrounding material. This means therefore either changing 

the stent material, the cast material, or both. In terms of changing the 

stent material, one option is to use Absorbable Metal Stents (AMS), 

which are made from a Magnesium (Mg) alloy – a lower-attenuation 

metal (Erbel et al., 2007). In terms of changing the cast, a contrast 

agent could be introduced into the resin itself. This has already been 

done successfully using a radiopaque cast. In addition to the 

improved contrast between the stent and the cast, using a radiopaque 

cast will also increase the safety of the procedure and produce more 

uniformly-surfaced imaged geometries.  
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2.4.1 Imaging resolution 

As with most imaging modalities, the scanning time and cost increase 

substantially at higher resolutions. As a result, determining the 

appropriate µCT scanning resolution is very important. In order to do 

so, we must first define criteria in terms of what kind of geometrical 

features we want to be able to resolve: 

 Full main arterial geometry (diameters ranging from 3.5 mm 

to 1 mm) 

 Full strut geometry (widths ranging from 50 to 140 µm) 

 Realistic strut cross-sectional shape (rectangular – from 

manufacturer specifications) 

 

The first criterion can easily be fulfilled at the lowest scanning 

resolution setting in the devices16 available to us (74 µm on the 

µCT80) (SCANCO). In order to determine the appropriate resolution 

that will fulfill the second criterion, we can use values already 

reported in the literature for the study of stent strut deployment, 

which range from 5.3 µm to 14 µm (Connolley et al., 2007; Benndorf 

et al., 2009a). However, conforming to the third criterion will require 

actual empirical evidence from pilot-trials to determine which 

resolution within this range is acceptable. In order to simplify this 

process, a scan at maximum available resolution of 6 µm (in the 

µCT40) was performed on a section of the stented cast (SCANCO). 

This data was then digitally resampled to correspond to scan 

resolutions of 8 µm, 10 µm and 12 µm. The image data was then 

reconstructed to create 3D cross-sections of the struts, as shown in 

Figure 2.16.  

                                                                    
16 Scanners (SCANCO µCT40 and µCT80) used from the Prof. Ralph 

Müller Group, Institute for Biomechanics, ETH Zurich, Zurich, Switzerland. 
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Figure 2.16. Cross-sections of stent struts acquired at (A) 6 µm, (B) 8 µm, (C) 

10 µm and (D) 12 µm scan resolution. Using the manufacturer’s 

production specifications as reference, the 6 µm resolution scan was 

found to capture the stent geometry with sufficient accuracy. 

It is easy to predict that the shape of the strut (i.e. rectangular or 

elliptical) will have a substantial effect on the local flow (Pant et al., 

2010). Given the level of detail and time being invested in making the 

whole geometry as physiologically realistic as possible, ensuring we 

acquire the rectangular shaped geometry of the stent struts is crucial. 

As a result the resolution deemed sufficient to image the stent struts 

was set at 6 µm as this (qualitatively) gave the smallest radius of 

curvature for the stent strut edges (Figure 2.16). Appropriate 

quantitative comparison however, would require a measurement of 
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the radius of curvature of the rounded edges and comparing them to 

the manufacturer specifications. 

2.4.2 Cast imaging  

In order to be able to scan the sample at two different resolutions, a 

‘divide and conquer’ approach was used. After digital 3D 

reconstruction, the high-resolution scan can be registered onto the 

low-resolution whole geometry (see the next section). This will enable 

us to have a 3D geometry with high resolution only where required (in 

the stented section). The final scan parameters are shown in Table 2.4. 

Table  2.4. Final µCT parameters for Low and High Resolution scans 

Scan Type 
Scanner 

Model 

Resolution 

[µm] 

Vial 

Diameter 

[mm] 

Voxel Sixe 

[µm3] 

Voltage 

[kVp] 

Current 

[µA] 

Low 

Resolution 

(LR) 

SCANCO 

µCT80 
74 75.8 74x74x74 70 113 

High 

Resolution 

(HR) 

SCANCO 

µCT40 
6 12 6x6x6 70 113 

  

2.5 Extraction of 3D geometry 

After µCT scanning of both the whole geometry (at low resolution – 

LR) and the stented section of the cast (at high resolution – HR) we 

obtain two sets of axial tomographic images. The process of obtaining 

the desired 3D geometry from such images is known as segmentation, 

whereby we extract the useful information from each scan. The 

segmentation for this project was performed in the image processing 
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software17 Avizo®. The objective of this process is to extract the 

geometry of only the cast (without the stent), which is finally possible 

as the result of using a radiopaque cast. After segmentation, the two 

3D geometries (LR and HR) are aligned and merged together in a 

process known as registration (performed in Geomagic® Studio® 

1218). After artifact removal, we obtain three (or four – in the case for 

non-overlapped stents) surfaces that can be individually meshed and 

combined into a single domain for use in CFD simulations.  

2.5.1 Segmentation 

Segmentation is the process whereby the user assists the computer in 

selecting and resolving the ‘useful’ geometry from the axial scan data. 

This is performed first for the high resolution scans and then for the 

low resolution ones. As can be seen in Figure 2.17, each axial scan 

contains data about the cast (in grey), the stent (in white) and the 

surrounding material (in black). This is related to how much each 

material attenuates the X-ray projections and it is measured in grey 

values. The first step in segmentation of the high-resolution scans 

involves setting up a label field in Avizo® and creating separate 

materials for the Cast, the Stent and Others.  

                                                                    
17 Avizo® – VSG, Visualization Science Group, Inc., 35 Corporate 
Drive - 4th Floor, Burlington, MA 01803, USA – www.vsg3d.com  

18 Geomagic® Studio® 12 – Geomagic, Inc., 3200 East Hwy 54, Cape 
Fear Building, Suite 300, Research Triangle Park, NC 27709 USA – 
www.geomagic.com  

http://www.vsg3d.com/
http://www.geomagic.com/
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Figure 2.17. Axial slice for a stented portion of the cast 

Using the Magic Wand tool, we then select one of the stent strut 

cross-sections and select a grey value threshold range whereby only 

the stent struts are selected (i.e. 90 to 190). The software then 

interpolates between all slices to select all connected pixels that lie 

within this threshold. After saving this to the Stent material, we can 

then do the same for the cast, using the low threshold previously used 

for the Stent material as the new high threshold for the Cast material. 

After saving this as the Cast material, we must then go slice-by-slice 

to correct for any bubbles or imaging artifacts19. Finally we subtract 

the Stent material from the Cast material in order to make sure we 

obtain the correct strut imprint on the cast. At this point we can then 

generate a surface reconstruction based on the segmented cast data. 

In order to control the surface’s dimensions, we calibrate it by 

comparing the width of the interstrut connector (as in Figure 2.18) 

with the width given by the stent manufacturers (70 µm). If the 

measured strut width20 is too small or too large, then we can alter the 

threshold accordingly (and hence grow or reduce the segmented 

                                                                    
19 Please see appendix 2 for the detailed methodology for this process. 
20 Design value is 70 µm, however we allow for an error of ±6 µm as this is 

limited by the scanning resolution. 
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cross-section) and generate a new surface . Once a suitable width 

value is found, the surface is saved as an STL file, allowing for use in 

other CAD software packages.  

 

Figure 2.18. Interstrut connector width measurement for size calibration post-

segmentation 

The segmentation of the Low-resolution (LR) scan is performed 

similarly to the high-resolution (HR), the difference being that there 

is no distinction made between the stent and cast. This is because we 

are not interested in the stented section of the LR scan, as it will be 

completely replaced by the HR surface. Calibration of the LR scans is 

done so that the diameter of the LR cast proximal to the stent equates 

the diameter proximal to the stent measured from the (final) HR scan 

of the stented section. This will ensure that both high and low-

resolution geometries are similar in diameter at their junction. 

Ultimately, we can say that the complete 3D geometry (HR and LR) is 

accurate as it is calibrated based on the same initial reference value – 
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the interstrut width. They are then both exported as individual STL 

files for further processing in other CAD software packages. 

2.5.2 Registration and Cleaning 

Once the STL surfaces are generated, they are imported into the next 

software package in the workflow, Geomagic® Studio® 12. As they 

originate from two separate scans, they do not share the same 

coordinate system and are therefore not aligned. The process of 

registration involves moving (translating and rotating) the HR scan of 

the stented section so that it is aligned with the stented section of LR 

scan. This is performed first in manual mode, whereby the user can 

select a few reference points on both surfaces (see Figure 2.19– HR-

Green, LR-Red). After this initial ‘manual’ registration, a global 

(automatic) registration is performed to improve the alignment and 

reduce the Euclidean distance between the two surfaces.  

 

Figure 2.19. Registration of the high resolution surface of a stented artery 

section with the lower resolution surface of the whole arterial 

geometry. (A) Low resolution surface of the whole artery (B) High 

resolution surface of the stented region (C) Combined surface. 
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After registration, each surface is saved once again so that they can be 

cleaned and worked on individually. Cleaning the surface aims to 

smooth the surface and remove any scanning artifacts that might 

possibly affect the subsequent meshing operation (see

  

Figure 2.20). A detailed step-by-step process for this procedure is also 

shown in appendix A20.  

  

Figure 2.20. Stented section before and after removal of scanning artefact 

An important step in preparing the surfaces for meshing is also to 

remove small side-branches so as to make the comparison between 

different samples easier (see Figure 2.21). However, we must mention 

that we do not expect this to change the flow characteristics too 

drastically (Steinman, 2002).  The protocol for selecting which side-

branches to remove is as follows: 
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 Stented section21 – remove all side-branches that originate 

on or immediately proximal or distal to the stented section 

(or indeed between two stents). 

 Proximal to stented section – remove all side-branches 

whose cross-sectional area (measured at 10 mm distal to the 

bifurcation) is less than 10% of the proximal main branch 

cross-sectional area. 

 Distal to stented section – remove all side-branches whose 

cross-sectional area (measured at 10 mm distal to the 

bifurcation) is less than 10% of the main branch cross-

sectional area immediately distal to the stent. 

  

Figure 2.21. Stented surface before and after side-branch removal 

After each surface is cleaned, they are merged together. This is done 

using Geomagic® by removing the stented section from the LR 

surface and then combining the remaining LR and HR surfaces. After 

connecting the two surfaces, the actual connection is cleaned and 

smoothed. Finally, the merged surface is once again separated into 

three (or four – for the non-overlapped samples) parts, which fit 

perfectly to each other. These are the proximal artery (low-

                                                                    
21 Note that this is only done on the HR surface of the stented section. The 

stented section on the LR surface will be replaced and hence can be left 

unchanged. 
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resolution), the stented section (high-resolution) and the distal artery 

(low-resolution). These separate parts are then exported as individual 

STL files to be meshed individually at different resolutions in the 

meshing software. The final 3D geometries obtained for an 

overlapped (Figure 2.22) and a non-overlapped (Figure 2.23) sample 

are shown below, with the stented section shown in green and the 

artery in blue. Observations relating to the geometric fidelity of these 

obtained geometries are presented in chapter 3.  

 

Figure 2.22. Final 3D surface for overlapped stented left coronary artery 

 

Figure 2.23. Final 3D surface for non-overlapped stented left coronary artery 
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2.6 CFD simulation of blood flow 

After having obtained the full 3D geometry we can finally set up and 

run the CFD simulations. The first step involves generating a mesh, 

and therefore, splitting the geometry into many small finite-volumes. 

After doing so we can set up the fluid parameters as well as the 

boundary conditions for the simulations (i.e. inlets, outlets, etc.). 

Finally we can run the CFD simulation and extract the variables most 

relevant for hemodynamics.  

2.6.1 Mesh generation 

The mesh generation was performed with Octree method in ANSYS® 

ICEM CFD22 after importing the individual STL files produced 

according to section 2.5. The first step involves repairing the 

geometry so that we can create surfaces at the inlet and outlets of the 

low-resolution artery geometry. After having created those surfaces, 

and essentially produced a ‘closed’ surface we can then define the 

mesh element sizes for each part (inlets and outlets, arterial 

boundaries and stented section boundaries). The precise calculation 

of wall shear stress (WSS) requires high spatial resolution at the 

domain walls. To ensure this, the mesh was refined at the artery walls 

and gradually coarsened towards the lumen center to keep 

computational cost at bay. Additionally, given that we are most 

interested in the flow around the stented section we can create a finer 

mesh exclusively in this section. After generating the initial 

tetrahedral mesh we improve it through mesh smoothing 

(Figure 2.24).  

                                                                    
22 ANSYS® ICEM CFD – ANSYS, Inc., Southpointe, 275 Technology 

Drive, Canonsburg, PA, 15317, USA – 

http://www.ansys.com/Products/Other+Products/ANSYS+ICEM+CFD  

http://www.ansys.com/Products/Other+Products/ANSYS+ICEM+CFD
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Figure 2.24. Tetrahedral mesh cross-section at a stented artery section. The 

inset shows the refined computational grid at the artery wall. 
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After mesh generation the inlet to the main artery is extruded by 3 

mm to allow the flow to begin developing in a straight section. 

However, one must note that this is not enough to fully develop the 

flow, as it is much smaller than the development length suggested by 

the rule-of-thumb of 5% of the Reynolds number multiplied by the 

diameter (Re = 106, hence the theoretical development length would 

be at least 19 mm for a 3.5 mm diameter artery) (Fargie & Martin, 

1971). Nevertheless this is acceptable as when the blood flows from 

the aorta into the ostium of the left coronary it is clearly not 

developed and is highly transient. Finally, after mesh generation the 

mesh is saved and exported as a CFX5 file that can be used with other 

ANSYS® type CFD solvers.  

Independence of the computational results from the spatial 

discretization was tested via successive refinement of a nominal 

stented arterial tree and comparison of WSS obtained at each 

refinement step. This was carried out in the most critical area, i.e.  

stent overlap, to make sure that the mesh density is appropriate for 

the worst scenario. A nominal grid density of 48 million tetrahedral 

elements per LCA was chosen.  
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Figure 2.25. Mesh independence study in worst-scenario location, i. e. overlap 

region. Ultimately the 48 million mesh density is selected to be the 

final grid resolution. 
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2.6.2 Flow parameters 

The mesh was then imported into our CFD simulation solver, 

ANSYS® CFX23. First the physical model for this simulation was 

defined, including the fluid parameters. These were based on 

previous CFD simulations of coronary arteries carried out in our 

research group and Values of 1050 kg/m3 and 0.0035 Pa.s were used 

for density and viscosity respectively assuming a Newtonian fluid 

model (Knight et al., 2010). Keeping in line with most CFD 

simulations of stented arteries, we assume that, at this size and length 

scale, blood behaves as a Newtonian fluid (Steinman, 2002; 

Boutsianis et al., 2004; Murphy & Boyle, 2010a) for the cases of 

arteries with non-overlapping stents. In cases of arteries with 

overlapping stents due to very small size of the tunnels made in 

overlap-segment, the shear strain can become lower than 100 [1/s] 

and hence the non-Newtonian model for viscosity is applied. The 

Carreau model was used to account for shear thinning behavior of 

blood at low shear rates (Chien et al., 1966). 

      (     )[   (  ̇)
 ](   )  ⁄  (2.1) 

where   is the effective blood viscosity, the blood viscosities at infinite 

and zero shear rates are          
        ⁄  and     

          ⁄ , respectively.  ̇ is the shear rate,        is the time 

constant and n = 0.25 is a power law index. 

We have considered the problem both in a steady and transient flow 

situation. We should also mention that given that our flow simulation 

involves low Reynolds’s numbers (Re = 106) turbulence effects are 

not expected. 

                                                                    
23 ANSYS® CFX – ANSYS, Inc., Southpointe, 275 Technology Drive, 

Canonsburg, PA, 15317, USA  
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2.6.3 Boundary conditions 

The next step in preparing the CFD simulation is in defining the 

boundary conditions. The 3D geometry of the stented cast provides 

the wall boundary conditions, here defined as no-slip. The inlet 

boundary condition is defined in terms of a steady inlet blood mass 

flow at the ostium of kgs-1. For the transient simulation, the time-

dependent mass flow in the ostium inlet is used. The time step and 

cardiac cycle independency is studied. Two cardiac cycles were 

calculated using a time step size of approximately 0.01 seconds, but 

only the data of the second cycle were evaluated to obtain results 

independent of the initial conditions. This value originates from 

physiological measurements in real human patients (Knight et al., 

2010). Even though this could vary for porcine hearts, the coronary 

artery diameter is roughly equal for both human and porcine hearts 

(van Andel et al., 2003). By using mass flow values for human hearts, 

we are in a better position to make predictions about the blood 

velocity around stent struts when used in humans. The outlet 

boundary conditions in simulations of coronary arterial flow have 

recently been the subject of much debate. Ideally they would also 

come from flow or pressure measurements made In Vivo (van der 

Giessen et al., 2011). However, given the number of bifurcations and 

their variation between patients, obtaining such data is not practical. 

Therefore most early simulations of the coronary arteries simply 

assumed that the outlets could be modeled as being at zero-pressure 

(Boutsianis et al., 2004; Knight et al., 2010).  

However this is no longer considered realistic as it fails to take into 

account the resistance of the downstream arteries completely and 
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hence overestimates the pressure drop24 along the artery substantially 

(Boutsianis et al., 2004; van der Giessen et al., 2011). As a result, 

several alternatives have been proposed. One alternative is to come 

up with lumped-parameter models to model the resistance beyond 

the outlet (Vignon-Clementel et al., 2010; Gundert et al., 2011). 

Another involves using energy considerations to calculate a value for 

each outlet mass flow based on the diameters of the branches before 

and after bifurcations (Murray, 1926; Soulis et al., 2006; van der 

Giessen et al., 2011).  

For this project we employ the latter, whereby we assume that the 

blood flows within the branches in such a way as to minimize the 

energy cost of its transportation (Murray, 1926; Soulis et al., 2006). 

This is known as Murray’s law and can essentially be summarized 

such that the circulation is most efficient when the ratio between 

blood mass flow rate at the main-branch (  ̇ ) and on the daughter 

branch (  ̇ )) is proportional to the ratio the vessel diameter on the 

main-branch (d1) and on the daughter branch (d2), as in equation 2.2.  

   
  ̇

  ̇
  (

  

  
)
 

    (2.2) 

This can then be re-written to give us a mass flow rate through a 

daughter branch in a bifurcation based on the cube of (the square 

root) of the ratio between the main-branch and the daughter-branch 

cross-sectional areas, as in equation 2.3.   

                 ̇     ̇  (√
  

  
)
 

   (2.3) 

                                                                    
24 The pressure drop is larger vessels is quite small. Most of the pressure 

drop actually occurs in smaller vessels (arterioles) [36, 64]. 
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We can obtain this kind of geometrical information from the 

Geomagic® Studio® software package. We measure the cross-

sectional area of the main-branch (just before the bifurcation) and of 

the daughter branch (just after the bifurcation) as in Figure 2.26. 

Furthermore, to ensure mass conservation, the mass flow going into 

each bifurcation (n+1) is calculated recursively based on mass-flow 

leaving the previous bifurcation (n) through the main-branch, as in 

equation 2.4.  

                   )()()1(
211

nmnmnm     (2.4) 

As a result, this method allows us to distribute a physiologically 

accurate mass-flow through the main-branch, the stented section and 

the daughter-branches. The outlet boundary condition for each 

daughter-branch (leaving the main-branch) is set to be equal to the 

daughter-branch mass-flow calculated using Murray’s law at the 

bifurcation.  
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Figure 2.26. Illustration of the bifurcation mass-flow conditions based on 

Murray’s law as given by Equations (3.2) and (3.3). 

However, if there is a second bifurcation on the daughter-branch 

itself, as was the case with the non-overlapped sample (see 

Figure 2.23) we did not use Murray’s law to attribute the flow fraction 

between the two branches of the daughter-branch. In this case, we 

simply attributed an area-weighted mass flow (with the inlet to the 

original daughter-branch calculated using Murray’s law) to each 

outlet as the boundary condition. This ensured that we obtained the 

correct mass-flow leaving the main-branch (obtained from Murray’s 

law) and therefore would be able to have a more realistic flow around 

the stented region. Finally, the most-distal (main-branch) outlet is set 

to being at zero-pressure. This will help ensure that continuity is 

fulfilled and is actually more acceptable here as it is nearly at the 
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heart apex. The final boundary conditions used are summarized in 

Table 2.5 below25. 

Table  2.5 –  Summary of boundary conditions used for steady CFD simulation 

Boundary 

Condition 
Type Value 

Artery & stent strut 

surface 
Non-slip 

 

Inlet Defined mass flow  ̇           
          

Main branch outlet Zero-pressure 
 

All other outlets 

(nth outlet) 

Murray’s Law 

(Murray, 1926) 

3

1

2

12
)()(
















A

A
nmnm   

2.6.4 Simulation setup 

After having defined the fluid parameters and the boundary 

conditions, we are in a position to carry out the actual flow 

simulation. We are interested in solving the steady, incompressible 

versions of the mass and momentum equations, as shown in 

equations 2.5 and 2.6, respectively, below (Murphy & Boyle, 2008). 

0)(.  u    (2.5)

upuu
2

.     (2.6) 

With residual reduction to 10-8 of the initial value as convergence 

criterion, the steady-state calculations took approximately two hours 

on 32 AMD Opteron 6174 processor cores. The transient 

computations required 25 minutes per time step with a convergence 

criterion of 10-6 at each point in time 

                                                                    
25 Please see appendix 3 for the measured cross-sectional areas and 

corresponding outlet mass-flow boundary conditions for each bifurcation 

from each sample. 

usurface = 0

pout = 0
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As mentioned in section 1, we are mainly interested in the changes in 

WSS that result from the stent implantation. Areas of low WSS, 

defined as WSS < 0.5 Pa, have been shown to correlate to the site of 

NIH growth (LaDisa et al., 2005b). As a result, low WSS is an 

indicator for areas prone to restenosis as a result of the changed 

hemodynamics caused by stent implantation. The WSS can be 

calculated from the product of the (Newtonian) fluid viscosity times 

the shear strain rate, as in equation 2.7 below. 

         (   )   
  

  
|
   

 (2.7) 

The actual implantation of this in 3D in our CFD solver is calculated 

as the viscosity multiplied by the second invariant of the strain rate at 

the wall, as in equation 2.8 below (LaDisa et al., 2005b). 
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  (2.8) 

The WSSG has also been correlated to an increase in NIH. However, 

values of WSSG are very subjective to the definition used, and most 

importantly, are dependent on a local coordinate system (LaDisa et 

al., 2005b; Murphy & Boyle, 2010a). Therefore, it is impossible to 

determine a sensible WSSG for a real, complex geometry such as 

ours. Moreover, recent research in our laboratory has begun to doubt 

the use of WSSG as a parameter to predict NIH (Knight et al., 2010). 

Hence, in our study we will focus only on the changes in WSS as well 

as the flow patterns around the stent struts (see section 3).  
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Oscillatory shear index (OSI) is evaluated for transient simulations 

according to Equation 2.9. 
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3 Hemodynamic analysis of coronary arteries 

with non-overlapping stents  

 

Part of this chapter is published in: 

Rikhtegar F, Pacheco F, Wyss C, Stok KS, Ge H, et al. (2013) 

Compound Ex Vivo and In Silico Method for Hemodynamic 

Analysis of Stented Arteries. PLoS ONE 8(3): e58147. 

doi:10.1371/journal.pone.0058147 

 

 

3.1 Abstract 

Hemodynamic factors such as low wall shear stress have been shown 

to influence endothelial healing and atherogenesis in stent-free 

vessels. However, in stented vessels, a reliable quantitative analysis of 

such relations has not been possible due to the lack of a suitable 

method for the accurate acquisition of blood flow. The objective of 

this work was to develop a method for the precise reconstruction of 

hemodynamics and quantification of wall shear stress in stented 

vessels. We have developed such a method that can be applied to 

vessels stented in or ex vivo and processed ex vivo. Here we stented 

the coronary arteries of ex vivo porcine hearts, performed vascular 
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corrosion casting, acquired the vessel geometry using micro-

computed tomography and reconstructed blood flow and shear stress 

using computational fluid dynamics. The method yields accurate local 

flow information through anatomic fidelity, capturing in detail the 

stent geometry, arterial tissue prolapse, radial and axial arterial 

deformation as well as strut malapposition. This novel compound 

method may serve as a unique tool for spatially resolved analysis of 

the relationship between hemodynamic factors and vascular biology. 

It can further be employed to optimize stent design and stenting 

strategies. 
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3.2 Introduction 

Atherosclerosis is the leading cause of death in most developed 

countries, predominantly as a result of myocardial infarction due to 

coronary heart disease (CHD). Percutaneous coronary intervention 

(PCI) that generally involves the placement of a stent has become the 

primary mode of CHD treatment over the past 20 years 

(Venkitachalam et al., 2008). 

CHD is characterized by progressive atherosclerotic plaques that 

narrow (stenose) the coronary artery lumen, thereby reducing blood 

flow to the myocardium. PCI is used to expand the lumen with a 

balloon catheter and to keep it open with a wire scaffold (stent). 

Despite stent placement, incidence of renewed stenosis of the vessel 

can be quite high (Elezi et al., 1998; Moses et al., 2003), most 

commonly due to neointimal hyperplasia (NIH) (Stone et al., 2003a). 

NIH is linked to both the injury or destruction of the endothelium 

(Grewe et al., 2000; Hoffmann & Mintz, 2000) and the loss of 

smooth muscle cells (SMC) due to stretching of the intima during 

stent deployment (Fingerle et al., 1990). Expedient endothelial 

regeneration reduces NIH (Asahara et al., 1995; Steinmetz et al., 

2010), and endothelial regeneration itself is influenced by blood flow. 

Similarly, the distribution of atherosclerotic plaques is strongly 

influenced by the local wall shear stress (WSS) distribution (Glagov et 
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al., 1988; Samady et al., 2011). As WSS is proportional to the gradient 

of blood flow velocity at the endothelium, precise knowledge of 

hemodynamics is necessary to derive it. The required level of 

precision can currently not be achieved clinically using phase-

contrast magnetic resonance imaging (PC-MRI) (Hollnagel et al., 

2009), Doppler ultrasound, or other flow measurement techniques 

(Doriot et al., 2000; Fearon et al., 2003; Kaufmann & Camici, 2005). 

For this reason, flow field reconstruction using computational fluid 

dynamics (CFD) based on medical image data has become the state-

of-the-art for determining WSS in stent-free vessels (Berne, 1986; 

Samady et al., 2011; Chiastra et al., 2012; Rikhtegar et al., 2012; 

Stone et al., 2012). 

A prerequisite for deriving WSS in stented arteries using CFD is the 

precise definition of the stent geometry with feature sizes of the order 

of tens of microns. However, no current clinical imaging modality can 

yield a three-dimensional (3D) representation of a deployed stent 

with sufficient accuracy for reliable CFD calculations. Computed 

tomography (CT) (Ehara et al., 2007), MRI (Furber et al., 1999), 

intravascular ultrasound (Wentzel et al., 2001; Samady et al., 2011; 

Chiastra et al., 2012) and digital angiography (Yilmaz & Gundogdu, 

2008) do not offer sufficient spatial resolution to capture individual 
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stent struts in detail, and optical coherence tomography is limited by 

the opacity of the struts to the emitted light. 

To circumvent these limitations, hybrid approaches have been 

developed where the stent-free artery is acquired via CT, digital 

angiography or MRI, and a virtual stent is placed in the generated 

digital dataset prior to the calculation of WSS (LaDisa et al., 2005a; 

LaDisa et al., 2005b; LaDisa et al., 2006; Mortier et al., 2010; 

Williams et al., 2010; Gundert et al., 2011; Larrabide et al., 2012; De 

Santis et al., 2013). Other methods omit in vivo imaging completely 

(Connolley et al., 2007b; Ohta et al., 2007; Benndorf et al., 2009a; 

Hikichi et al., 2009; Benndorf et al., 2010; Foin et al., 2011; 

Morlacchi et al., 2011; Wang et al., 2011), for example by performing 

image acquisition on explanted stented arteries using micro-

computed tomography (CT) (Benndorf et al., 2010; Morlacchi et al., 

2011), or by placing stents in artificial artery models and then 

proceeding with CT (Connolley et al., 2007; Ohta et al., 2007; 

Benndorf et al., 2009a; Hikichi et al., 2009; Benndorf et al., 2010; 

Foin et al., 2011; Wang et al., 2011). 

The individual methods have their respective strengths and 

weaknesses. While some optimize processing speed and cost by 

approximating the deployed stent in a computer aided design (CAD) 

environment (Gundert et al., 2011), others opt for slower, more 
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expensive but also more accurate approaches based on computational 

structural mechanics simulations of stent deployment (Mortier et al., 

2010). Further methods give preference to actual rather than virtual 

stent deployment, thereby sacrificing the flexibility of computational 

techniques for the possibility to capture the expanded stent geometry 

with higher fidelity when real arteries are used (Morlacchi et al., 

2011), or for the possibility to investigate complex stenting 

procedures such as double stenting of main vessel and side branch 

(Hikichi et al., 2009). Some approaches, finally, do not consider 

derivation of WSS (Yajima, 2007; Foerst et al., 2010; Kralev et al., 

2011).  

In situations where destructive processing of a stented artery is not an 

issue, combination of vascular corrosion casting (VCC) with CT and 

CFD may yield detailed reconstruction of WSS distribution. VCC, 

originally developed for producing anatomical specimens, can 

generate negatives of entire vascular trees with sub-micron accuracy, 

while CT can be used to digitize the VCC cast with sufficient 

resolution to capture stent struts in detail. LaDisa and coworkers 

were the first to combine these methods by stenting rabbit iliac 

arteries in vivo, sacrificing the animals after two or three weeks, 

casting the artery lumen, macerating the surrounding tissue and 

removing the stent with a sanding pad before acquiring the lumen 
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negative by CT (LaDisa et al., 2005c). However, individual stent 

struts could not be resolved with their technique. 

Here we present a method that combines VCC, CT and CFD to a 

platform for the precise calculation of WSS in stented arteries. This 

method is able to accurately resolve both the macroscopic 

arrangement of stented vessels as well as the microscopic structure of 

the stent struts. 

3.3 Methods 

An expanded methods section is provided in chapter 2 of this thesis.  

3.3.1 Heart preparation and stenting 

Porcine hearts obtained from the local slaughterhouse were 

cannulated in preparation for stenting of the LCA. Absorbable metal 

scaffolds of 10 mm length and 3 mm diameter (Biotronik AG, Bülach, 

Switzerland) were placed by an interventional cardiologist under 

angiographic guidance using the manufacturer-specified inflation 

pressure of 12 bar. 

3.3.2 Vascular corrosion casting 

A 1:0.1225 by weight mixture of low-shrinkage epoxy-based Biodur E 

20 (EP20 - EP22) resin (Biodur Products GmbH, Heidelberg, 

Germany) and iodine-saturated methyl ethyl ketone solvent was used 
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as a radio-opaque casting material (Andermahr et al., 1999). The 

resin was injected into the stented coronary vascular tree under 

physiological pressure of 90 mmHg (120 mbar) (Myers et al., 2001). 

After a setting period of 36 hours, the heart was macerated for 12h at 

55 °C in a 7.5% w/v solution of potassium hydroxide. 

3.3.3 μCT imaging of stented casts 

The stented coronary arteries were first imaged using micro-

computed tomography (μCT 80, Scanco Medical AG, Brüttisellen, 

Switzerland) with an isotropic voxel size of 74 μm (energy 70kVp, 

integration time 300 ms, tube current 114 μA, and two times frame 

averaging) to provide the image data of the overall coronary arterial 

tree geometry. Following this, the stented sections were removed 

from the artery tree and re-scanned (μCT 40, Scanco) with an 

isotropic voxel size of 6 μm (energy 70kVp, integration time 300 ms, 

tube current 114 μA, and two times frame averaging) in order to 

resolve individual stent struts. 

3.3.4 Image processing  

A constrained 3D Gauss filter was used to partly suppress noise in the 

raw μCT volumes (= 1.2, s = 1.0). The coronary artery lumen was 

segmented from both μCT datasets independently using a semi-

automatic, intensity-based approach in Avizo 6.2 (Visualization 



85 
 

Sciences Group SAS, Merignac, France). The resulting 3D geometries 

were registered and merged in Geomagic Studio 12 (Geomagic, Inc., 

Morrisville, NC, USA) to where the high resolution geometry 

represented the stented artery region and the lower resolution one the 

remainder of the arterial tree. The merged geometry was exported in 

STL format for subsequent computational grid generation.  

3.3.5 CFD calculations 

A computational grid consisting of approximately 48 million 

tetrahedral elements was generated in the merged geometry in 

ANSYS ICEM CFD (ANSYS, Inc., Canonsburg, PA, USA). To calculate 

flow velocity, pressure and WSS distribution, transient and steady-

state computational flow analysis was carried out with the finite 

volume CFD code ANSYS CFX using a Newtonian fluid model with 

constant density of 1050 kg/m3 and dynamic viscosity of 0.0035 Pa.s 

(Murphy & Boyle, 2010a). Boundary conditions were chosen as 

follows: No slip at the vessel wall, blood inflow rate of 0.95 mL/s at 

the ostium for the steady-state calculations (Berne, 1986) and time-

dependent flow rate for the transient case according to (Rikhtegar et 

al., 2012). Zero relative pressure was set at the outlet with the largest 

diameter and outflow rates at the remaining outlets were determined 

according to Murray’s law (Murray, 1926). For the transient 

simulations, two cardiac cycles were calculated using a time step size 
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of 0.01 seconds, but only the data of the second cycle were evaluated 

to obtain results independent of the initial conditions. With residual 

reduction to 10-8 of the initial value as convergence criterion, the 

steady-state calculations took approximately two hours on 32 AMD 

Opteron 6174 processor cores. The transient computations required 

25 minutes per time step with a convergence criterion of 10-6 at each 

point in time. Grid independence studies were performed.  

3.4 Results 

In the following we will show on ex vivo porcine hearts that the 

compound method presented herein ensures anatomic fidelity, 

capturing arterial tissue prolapse, radial and axial arterial 

deformation as well as stent malapposition. We will further show how 

this method yields detailed blood flow fields and wall shear stress 

maps in stented coronary arteries (see Video S1 in the supporting 

information), noting that it can also be used in ex vivo human arteries 

with minimal change to the protocol. 

3.4.1 Arterial tissue prolapse 

The commonly used stent-to-artery diameter ratio of 1.1-1.2 (Murphy 

& Boyle, 2010b) in coronary arteries can lead in conjunction with the 

elasticity of the vessel wall to tissue prolapse (Hong et al.; Jang et al., 

2001). We use the term ‘prolapse’ in accordance with the biomedical 
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engineering literature to refer to any degree of tissue protrusion 

between the stent struts, noting that in the medical literature it is 

generally associated with protrusion of plaque or thrombus beyond 

the inner stent surface. Prolapse affects local hemodynamics, thereby 

altering WSS. Moreover, tissue prolapse is associated with increased 

incidence of acute and subacute thrombosis (Hong et al.). 

As illustrated in Figure 3.1, the method captures arterial tissue 

prolapse. Panel A shows a representative CT scan section of a 

stented porcine left coronary artery corrosion cast. Both the cured, 

contrast-enhanced resin in place of the artery lumen as well as cross-

sections of stent struts are clearly visible. The dark areas between 

resin and struts are due to gas formed in the VCC process through the 

interaction of stent with resin solution. These areas are merged with 

the lumen representation in the image segmentation step. Figure 3.1B 

shows the reconstructed surface of a stented porcine left coronary 

artery (LCA) lumen negative that was acquired using CT of a 

corrosion cast. The white arrows between the imprints of the stent 

struts point to regions of prolapse. These occur most markedly in 

areas without strut connectors, indicating that arterial tissue prolapse 

is dependent on stent design.  



88 

 

 

 

Figure 3.1C shows the corresponding WSS distribution. Higher WSS 

is evident in regions of prolapse owing to higher velocities near the 

wall compared to prolapse-free sections as illustrated by the velocity 

contours in Figure 3.1D. Regions of low velocity are recognizable near 

the struts in both cases, but the size of these regions is clearly 

different for the two conditions. It is thus evident that arterial tissue 

prolapse influences hemodynamics and therewith the local WSS 

distribution with which predictions of plaque development can be 

made. 
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Figure 3.1. Arterial tissue prolapse between stent struts. (A) Representative 

micro-computed tomography (CT) scan section of stented porcine 

left coronary artery corrosion cast. (B) Reconstructed surface of 

arterial lumen negative obtained by CT of a corrosion cast. The 

white arrows point to prolapsed regions. (C) Wall shear stress (WSS) 

distribution in the same region shown in B. Higher WSS is evident in 

prolapsed regions compared to regions without prolapse. Blood flow 

is from left to right. (D) Velocity contour plots in prolapsed (top) and 

prolapse-free inter-strut sections. Regions of low velocity are evident 

near stent struts in both cases, with larger low-velocity regions in the 

prolapse-free segment. This segment also shows lower near-wall 

velocity. 
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3.4.2 Radial wall deformation 

Histological studies show that stent deployment changes the circular 

cross-sectional shape of the artery (Garasic et al., 2000). This method 

captures such deformations: Figure 3.2A depicts a representative 

cross-section through a stented coronary artery from a CT image of 

the lumen. The dotted circle serves as a reference for the local 

deformation caused by the struts. These deformations impact 

hemodynamics and WSS. Figure 3.2B demonstrates the increase in 

lumen diameter from the stent-free section of the artery to its stented 

part, which can lead to a local decrease in both WSS and velocity. This 

is seen in detail in Figure 3.2C: To ensure mass conservation, blood 

has to accelerate from the stented part of the artery with a larger 

diameter to the stent-free section with smaller diameter.  
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Figure 3.2. Radial wall deformation of stented artery. (A) Representative 

micro-computed tomography cross-section of a stented porcine left 

coronary artery corrosion cast. The dotted circle shows the nominal 

circular cross-section (B) Radial arterial enlargement caused by 

stenting. The arrows indicate arterial diameter in the stented (left) 

and stent-free regions (C) Velocity vectors in the mid-longitudinal 

section plane of the stented artery. The velocity profile along the 

vessel centerline from Point I to Point II is shown in (D), where the 

increase in velocity in the stent-free section is visible. The vertical 

dashed lines mark the end of the stent and the axial locations of 

Points I and II shown in panel C. 
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3.4.3 Axial arterial deformation 

Stenting results in substantial axial deformation, causing a 

straightening of the artery (Wentzel et al., 2000), which affects 

hemodynamics and WSS distribution substantially.  

Fig. 3 shows that the herein presented compound method captures 

axial arterial deformation. The dashed line in Figure 3.3A 

approximates the centerline of the stent-free artery. The solid line 

illustrates the change of the centerline shape in the stented region. 

Evaluated from left to right, the sudden straightening of the artery in 

the stented segment and the abrupt return in curvature to that of the 

stent-free region are evident. Figure 3.3B shows that this leads to an 

extended area of low WSS at the outer vessel wall. Without the stent, 

the inner arterial wall would be the main location of low WSS, 

atherosclerotic plaque formation and neointimal hyperplasia (NIH) 

(Wentzel et al., 2001; Murphy & Boyle, 2010a). Consequently, axial 

arterial deformation due to stent placement has to be accounted for in 

WSS derivations. 
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Figure 3.3.  Axial arterial deformation due to stenting. (A) Visualization of 

arterial centerline change in a stented section. The solid line shows 

the axis of the stent, while the dashed line approximates the 

centerline of the stent-free artery. (B) Wall shear stress (WSS) 

distribution in the same stented artery. An extended area of low WSS 

is seen immediately downstream of the stent at the outer artery wall 

due to the change in curvature. 

3.4.4 Stent malapposition 

Stent malapposition alters in-stent hemodynamics, causes low WSS 

distally and is hypothesized to be a major factor in thrombosis 

(Castagna et al., 2001). The method presented here captures 

malapposed struts: Figure 3.4A and 4B show the arterial lumen 

surface and WSS in malapposed and fully apposed stented regions, 
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respectively. The malapposed strut shown in Figure 3.4C and D 

causes tunneling of blood flow between the strut and the 

endothelium, leading to high WSS and perturbation of the local flow 

field. Such perturbed flow is associated with increased risk of 

thrombosis (Napoli et al., 2006).  
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Figure 3.4. Stent malapposition and its effect on local hemodynamics. (A) 

Imprint of malapposed stent end section (arrow) in artery lumen 

negative (top) and corresponding wall shear stress (WSS) 

distribution (bottom). Higher WSS can be observed in the vicinity of 

the malapposed strut due to flow tunneling compared to (B), where a 

similar fully apposed stent end section is shown. (C) Velocity contour 

in axial cross-section of the stented artery near a malapposed strut. 

Changes in velocity and division of blood flow can be seen. (D) 

Velocity vector plot in the vicinity of the malapposed strut 

demonstrates the presence of vortices. These influence WSS 

distribution and may lead to thrombosis. 

3.4.5 Reconstruction of hemodynamic state 

Both the local geometry at the vessel wall, as well as the large scale 

arterial anatomy, influence WSS distribution and can be accounted 

for with this method. This can be seen in Figure 3.5 where regions of 

low, atheroprone shear stress are present at bifurcations and nearby 

individual stent struts. Interestingly, low WSS is not only present 

adjacent to struts arranged perpendicular to the flow direction, but 

also occurs in the vicinity of inter-strut connectors arranged parallel 

to the artery’s longitudinal axis.  
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Figure 3.5. Wall shear stress distribution in a porcine left coronary artery with 

two stents. The bottom inset shows a magnified view of the stented 

segments. Wall shear stress (WSS) below 0.5 Pa is reported to 

correlate with sites of intimal thickening [51]. Such low WSS can be 

seen here to occur mainly in the vicinity of stent struts and at 

bifurcations. The left inset shows low and high wall shear stress 

regions occurring, respectively, at the outer and inner walls of the 

bifurcation (arrows). 
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Figure 3.6 shows the distribution of oscillatory shear index (OSI), 

which is a measure of temporal WSS change (see supporting 

information). High values of OSI have been shown to correlate with 

atheroprone regions of the vessel (Rikhtegar et al., 2012). Increased 

values of OSI are seen here near strut junctions, which is in 

agreement with earlier observations (Katritsis et al., 2012).  

 

Figure 3.6. Oscillatory shear index (OSI) distribution in a porcine left coronary 

artery with two stents. The inset shows a magnified view of part of 

the second stented segment. Elevated values of OSI have been 

reported to correlate with atheroprone vessel regions [17]. Areas of 

increased OSI are visible near strut junctions. They contain small 

focal spots  that reach values close to the maximum of 0.5. 

The flow structures that lead to low WSS are illustrated in Figure 3.7. 

Panel A shows velocity contours and streamlines projected axially 

onto a cross-sectional plane immediately upstream of the stent. The 

velocity profile is near parabolic, and there are no recirculation areas 

discernible. Entering the stented vessel region in downstream 
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direction (Panel B), flow disturbances begin to develop and quickly 

lead to the generation of recirculation zones (Panels C to I). In 

addition, the parabolic velocity profile is altered due to changes in 

shape of the arterial cross-section, as well as due to the stent struts’ 

influence on the near-wall flow. This can be seen in the offset of the 

velocity contours in Figure 3.7.  

Axial arterial shape change as a result of the stent placement further 

affect the velocity profile as illustrated in Figure 3.8. The top panel 

shows an artery segment with two stents. Entering the second stent 

from the upstream direction at cross-section A, the location of peak 

velocity is deflected from the vessel centerline in plane D due to the 

increased curvature of the vessel at the stent edge. Effects of the stent 

strut as described above maintain the off-center profile throughout 

the length of the stent (planes E and F).  
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Figure 3.7. Velocity contours and secondary flow around individual stent 

struts in a porcine left coronary artery. Top: Overview and close-up 

of reconstructed surface of arterial lumen negative obtained by CT 

of a corrosion cast. The labels A to I indicate the location of the 

cross-sections shown in the bottom panels. Bottom: Velocity contour 

plots at cross-sections A to I. To visualize secondary flow structures, 

streamlines are derived from velocity vectors projected onto the 

respective cross-section. 
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Figure 3.8. Velocity profiles in a porcine left coronary artery with two stents. 

Results are shown for cross-sections upstream of the distal stent (A 

and B), within (C, D E and F) and downstream of the stent (G and 

H). Top: Velocity contour plots. Bottom: Velocity projections onto 

axial planes. The vertical axes are normalized to a common diameter. 
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The combined effect of local flow disturbance by the stent struts, 

changes in cross-sectional area and flow deflection as a result of axial 

arterial deformation is quantified in Figure 3.9. There the distribution 

of low (<0.5 Pa), intermediate (0.5 to 2.5 Pa) and high (>2.5 Pa) WSS 

(Malek et al., 1999; Gimbrone et al., 2000; Samady et al., 2011) is 

shown relative to the surface area of selected arterial sections in a 

vessel with two stents. These sections correspond to the area 

immediately upstream of the first stent (labeled ‘proximal’ in the top 

panel), the first and second stent (‘proximal stent’, ‘distal stent’), and 

the region after the second stent (‘distal’). In the stented sections, 

more than 40% of the wall surface area is exposed to low shear stress. 

In comparison, virtually no low WSS is present in the sections 

upstream of the first stent and downstream of the second stent. The 

high WSS observed after the second stent is due to the narrowing of 

the artery in that area. 
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Figure 3.9. Distribution of relative vessel wall area exposed to different levels 

of shear stress. Results are shown in the bottom panel as percentage 

of the respective segment’s surface area in a porcine left coronary 

artery with two stents. Low wall shear stress: <0.5 Pa. Moderate: 

0.5<WSS<2.5). High: >2.5 Pa. Top: Corresponding reconstructed 

surface of the arterial lumen negative.  

3.5 Discussion 

As a result of the small feature sizes of stents and limited resolution of 

clinical imaging modalities, alternative methods have to be used to 
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obtain the lumen geometry of stented arteries for calculation of WSS. 

It is accepted that wall shear stress affects vascular biology, 

influencing atherosclerotic plaque development and NIH. Here we 

have presented a method with which WSS can be determined by 

combining VCC, CT and CFD. This method can be used in sacrificed 

animals or post mortem in humans after stenting has been performed 

either in vivo or ex vivo. 

While similar approaches have been used before, this compound 

method removes some of the prior limitations: LaDisa et al. used VCC 

and μCT (LaDisa et al., 2005c) with subsequent CFD modeling, but 

could not resolve individual stent struts. Morlacchi and co-workers 

stented pigs in vivo, excised the stented artery segments, embedded 

these in resin, acquired the deployed stent geometry with μCT and, in 

addition, performed histological analysis (Morlacchi et al., 2011). 

However, they could not acquire the lumen geometry, which had to be 

approximated for subsequent CFD analysis. 

Since the presented method allows for processing stents deployed in 

vivo, it is expected to yield more accurate reconstruction of the in vivo 

WSS distribution than other methods that rely on μCT, but do not 

allow for in vivo stent deployment. Benndorf and co-workers 

observed marked differences between the WSS field obtained in a 

stented PTFE tube and an ex vivo stented preserved arterial segment 
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(Benndorf et al., 2010). This indicates that the choice of arterial wall 

representation can influence the derived hemodynamic parameters 

substantially. While one should expect that the preserved arterial 

segment mimics in vivo conditions better than the PTFE tube, the 

segment still showed artifacts in the form of circumferential creasing. 

Such creases are not observed in vivo and are presumably a result of 

the preservation process.  

For comparison with virtual stent placement approaches, one has to 

consider whether these are capable of reproducing critical features 

observed in vivo. Our results show that neglecting tissue prolapse or 

stent malapposition may alter the reconstructed WSS field 

substantially. This is in accordance with the findings of Benndorf 

(Benndorf et al., 2010). We further show that neglecting radial or 

axial arterial deformation will change WSS distribution as observed 

before by LaDisa (LaDisa et al., 2005a; LaDisa et al., 2006) and 

Murphy (Murphy & Boyle, 2010a). Virtual stent placement methods 

that cannot reproduce these critical features may have cost and 

processing time advantages, but are limited in the accuracy of WSS 

reconstruction. Assessment of virtual methods that do take into 

account critical features is less trivial. On the one hand, these 

methods are the first choice for predicting stent deployment and WSS 

distribution in live humans or animals. On the other hand, they 
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idealize arterial wall mechanics, which is especially then critical when 

diseased arteries are investigated, as the presence of plaques and 

calcifications may change the wall properties substantially in an 

anisotropic and heterogeneous manner. Since the method introduced 

here can rely on the true geometry of vessels stented in vivo, we 

expect it to yield more accurate WSS readings than approaches based 

on virtual stent deployment. Of course, a suitable study is necessary 

to confirm this.  

The presented method is based on three consecutively applied tools. 

These can each be optimized, but the interface between the methods 

has to be considered in the process. The optimal VCC resin has no 

shrinkage during curing and high stiffness thereafter. Biodur E 20 

used here is a low shrinkage resin that produces rigid casts, 

maintaining the 3D configuration of the artery during maceration. 

The relative deviation of the cast lumen volume from the original one 

is less than 2%. There are other resins such as PU4ii that show lower 

shrinkage, but remain pliable after curing (Meyer et al., 2007).  

The resin should ideally have an X-ray attenuation behavior 

comparable to that of the stent to allow for optimal μCT imaging. 

Most VCC resins, however, have a very low attenuation coefficient, 

leading to low signal-to-noise ratio (Krucker et al., 2006). To increase 

resin opacity, we saturated the resin solvent, methyl ethyl ketone, 
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with iodine (Andermahr et al., 1999). This decreases viscosity, 

prolonging resin hardening time, and also increases shrinkage 

slightly. Alternatively, take-up of an attenuating compound after resin 

curing could be used, e.g. by bathing the cast in an aqueous solution 

of osmium tetroxide (Riew & Smith, 1971; Krucker et al., 2006). 

However, this process is time consuming and only yields low 

penetration depths. In addition, OsO4 is very toxic.  

The choice of scanner and acquisition settings has a great influence 

on the final results. The small size of the stent struts necessitates a 

high scan resolution, which in most scanners excludes the use of 

larger samples such as complete coronary artery tree casts. To 

circumvent this problem, we acquired the overall geometry and the 

stented section with two different scanners, introducing a time 

consuming registration step to merge the data. While a single step 

acquisition at high resolution would allow for a more automated work 

flow, it would result in very large datasets of over 30 gigabytes that 

are difficult to handle. In addition, scan time would increase by at 

least a factor of four, and scan cost would go up accordingly.  

The quality of artery lumen reconstruction is the main determining 

factor for the accuracy of the WSS distribution calculations. Of 

similarly high importance is the choice of boundary conditions. Here 

we used a generic volumetric inflow rate or temporal profile, one zero 
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pressure outlet and Murray’s law to set flow rates at the remaining 

outlets (Murray, 1926). More accurate results could be obtained by 

applying a subject-specific inflow rate, which requires either phase 

contrast magnetic resonance imaging or invasive intravascular 

Doppler ultrasound measurements in vivo (Furber et al., 1999; 

Gatehouse et al., 2005; Johnson et al., 2008). Boundary conditions at 

the outlets would ideally be determined by in vivo pressure or flow 

measurements as well. However, measurements in the distal artery 

segments are less accurate than in the larger parent vessels. Also, with 

increasing number of outlets, this approach becomes impractical. 

Applying Murray’s law, empirical variations thereof (van der Giessen 

et al., 2011) or lower order models of the downstream vasculature to 

determine the boundary conditions at the outlets appear reasonable 

(Vignon-Clementel et al., 2010; Gundert et al., 2011). 

Flow disturbances introduced by the stent lead to areas of low shear 

rate where blood displays non-Newtonian behavior. Consequently, a 

shear rate dependent rheology model should be used for best results. 

However, it is difficult to predict and to test which of the many 

existing models will give the most accurate results in stented arteries 

(Yilmaz & Gundogdu, 2008).  

The main limitation of the presented method is that it entails 

destructive procedures. It can thus not be applied to live humans or to 
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animals that should be kept alive. However, this does not exclude 

stenting in vivo and further processing ex vivo. When the method is 

applied to live animals, these can be treated without modifications to 

common protocols up to the point of sacrifice, after which VCC is 

started. If no in vivo acquisition of blood flow rates is foreseen in the 

original protocol, it should be added to derive realistic boundary 

conditions.  

The method can also be used for post-mortem investigation of 

stented, atherosclerotic arteries in humans for research purposes. 

Processing of diseased vessels may require adaptation of individual 

process parameters. In particular, the possible entrapment of plaques 

and thrombi in the VCC resin and the presence of calcifications may 

render the image segmentation process more challenging (Olgac et 

al., 2009), requiring changes in the concentration of the contrast 

agent and modification of μCT parameters. In addition, resin viscosity 

may need to be reduced if high grade stenoses are present (Verli et al., 

2007). Further studies are thus required to validate the performance 

of the method in diseased vessels.  

Again due to the destructive nature of the method, histologic analysis 

and concurrent WSS derivation on the same artery are not possible. 

Consequently, a larger sample size is needed to statistically correlate 

vascular biology with WSS or other hemodynamic parameters. This 
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adds to the comparably high cost of the method which derives from 

the large number of steps involved that each requires a high level of 

expertise. Next to in vivo stenting, the main cost factors are the high 

resolution μCT imaging and processing of the therewith associated 

large datasets. 

Finally, unwanted interaction between the resin components and the 

stent may occur. In the current study such interaction resulted in gas 

bubbles, which were dealt with in the image segmentation process. It 

cannot be excluded that with other stents resin interaction may 

become a limitation.  

In conclusion, the method presented herein constitutes a unique tool 

for accessing WSS in stented arteries. It can be employed to study the 

effects of hemodynamics on vascular biology, to develop stenting 

strategies that optimize hemodynamics and to design new stents that 

minimize regions of NIH promoting WSS. 
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4 Hemodynamics in coronary arteries with 

overlapping stents 

 

 
Part of this chapter is Accepted to: 
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4.1 Abstract 

Coronary artery stenosis is commonly treated by stent placement via 

percutaneous intervention, at times requiring multiple stents that 

may overlap. Stent overlap is associated with increased risk of adverse 

clinical outcome. While changes in local blood flow are suspected to 

play a role therein, hemodynamics in arteries with overlapping stents 

remain poorly understood. In this study we analyzed six cases of 

partially overlapping stents, placed ex vivo in porcine left coronary 

arteries and compared them to five cases with two non-overlapping 

stents. The stented vessel geometries were obtained by micro-

computed tomography of corrosion casts. Flow and shear stress 

distribution were calculated using computational fluid dynamics. We 

observed a significant increase in the relative area exposed to low wall 

shear stress (WSS<0.5 Pa) in the overlapping stent segments 

compared both to areas without overlap in the same samples, as well 

as to non-overlapping stents. We further observed that the 
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configuration of the overlapping stent struts relative to each other 

influenced the size of the low WSS area: Positioning of the struts in 

the same axial location led to larger areas of low WSS compared to 

alternating struts. Our results indicate that the overlap geometry is by 

itself sufficient to cause unfavorable flow conditions with possible 

clinical consequences. While stent overlap cannot always be avoided, 

improved deployment strategies or stent designs could reduce the low 

WSS burden.  
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4.2 Introduction 

About 30% of patients undergoing percutaneous coronary 

intervention (PCI) with stent placement are treated with overlapping 

stents (Holmes et al., 2004; Räber et al., 2010). Stent overlap is 

associated with increased risk of adverse clinical outcome for both 

bare metal stents (BMS) and drug eluting stents (DES) (Ellis et al., 

1992; Räber et al., 2010). Various studies have investigated clinical 

results and biological aspects of stent overlap, but the hemodynamics 

inside arteries with overlapping stents and the associated wall shear 

stress (WSS) parameters have received much less attention (Peacock 

et al., 1995; Balakrishnan et al., 2005; Charonko et al., 2010). This 

can be in part attributed to the lack of suitable methods for acquiring 

the geometry of double stented arteries with sufficient accuracy.   

Stent overlap is associated with increased in-stent restenosis and 

lumen loss due to delayed healing and increased inflammation 

regardless of stent type (Wang et al., 2000a; Räber et al., 2010). 

While DES may reduce neointimal hyperplasia and restenosis in 

single stent cases (Moses et al., 2003; Tsagalou et al., 2005), their 

performance (Finn et al., 2005; Matsumoto et al., 2007) and safety 

(Moreno et al., 2005) in regions of overlap are a case of debate. 

Overlapping BMS are associated with worse clinical outcome 

compared to single BMS (Kastrati et al., 1999; Serruys et al., 2002; 

Kereiakes et al., 2006).  This is attributed primarily to more 

pronounced arterial injury caused by the expansion of two stents at 

the same location, leading to increased inflammation. However, the 

poorer outcome may also be related to severe hemodynamic 

disturbances introduced by stent malapposition (Charonko et al., 

2010) that are inherent in stent overlap but  occur infrequently in 

single stents (Matsumoto et al., 2007). 
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It is generally accepted that hemodynamics influences vascular health 

and pathogenesis. WSS as one of the manifestations of blood flow has 

been shown to be an important factor in atherogenesis (Cheng et al., 

2006; Chatzizisis et al., 2007) and in the pathobiology of  neointimal 

hyperplasia, thrombosis  and in-stent restenosis (Wentzel et al., 

2008; Papafaklis et al., 2010).  These latter processes are a concern in 

percutaneous vascular intervention in general and in stent placement 

in particular. For example, stent malapposition has been shown to 

increase thrombogenicity. It is hypothesized that hemodynamics play 

a role therein, as adjacent high shear stress areas and recirculation 

zones caused by malapposed stents may activate platelets and 

increase local residence times of these thrombocytes  (Peacock et al., 

1995; Hathcock, 2006; Kolandaivelu et al., 2011). Kolandaivelu and 

co-workers showed in vitro and in a 2D computational model with 

idealized domain geometry that flow recirculation between 

malapposed and overlapping stent struts may modulate stent 

thrombogenicity (Kolandaivelu et al., 2011).  

Computational fluid dynamics (CFD) is the method of choice for 

assessing shear stress and local hemodynamics in stented arteries. 

The precise acquisition of the stent struts and arterial geometry is a 

prerequisite for accurate CFD analysis, but no clinical imaging 

modality exists that could yield such data with sufficient resolution. 

Several approaches have been reported in the literature to circumvent 

this limitation: Simulations may be conducted on idealized 

geometries based on stent CAD data (Gundert et al., 2011), on hybrid 

domains where the stent free geometry is obtained by CT, digital 

angiography or MRI and a stent is virtually implanted (LaDisa et al., 

2006a; De Santis et al., 2010), on ex vivo micro-computed 

tomography (µCT)  data of explanted, stented arteries (Morlacchi et 

al., 2011) or µCT images of stented in vitro artery models (Connolley 
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et al., 2007; Benndorf et al., 2009b). While these methods have their 

undisputed respective strengths, they have either limited geometric 

accuracy, limited treatable vascular domain size or incomplete 

representation of the mechanical interaction between stent and 

arterial wall.  

We have recently introduced a method that allows for precise ex vivo 

acquisition of arteries stented in vivo or ex vivo, yielding both the 

macroscopic arterial tree geometry as well as the configuration and 

morphology of individual stent struts (Rikhtegar F, 2013). Here we 

make use of this method to investigate the shear stress distribution 

and hemodynamics of porcine coronary arteries with overlapping 

stents. Our goal is to evaluate flow disturbances and consequent shear 

stress alterations introduced by stent overlap which may contribute to 

the reported clinical problems associated with overlapping stents. 

4.3 Methods 

A concise description of the utilized methods is given here. We refer 

the reader to (Rikhtegar F, 2013) for a more detailed explanation of 

the individual process steps. 

4.3.1 Heart preparation, stenting and vascular corrosion 
casting 

After cannulation, two absorbable metal scaffolds of 10 mm length 

and 3 mm diameter (Biotronik AG, Switzerland) were implanted in 

the left coronary artery of eleven ex vivo porcine hearts under 

angiographic guidance by an interventional cardiologist. The scaffolds 

had overlap in six arteries. The remaining five arteries served as 

control (no overlap).  

A radio-opaque casting material was prepared as a mixture of Biodur 

E20 resin (Biodur Products GmbH, Germany) and iodine-saturated 
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methyl ethyl ketone solvent. The casting material was injected into 

the stented arteries under physiological pressure of 90 mmHg. The 

hearts were left at room temperature for 36 hours, and then 

macerated at 55 °C in a 7.5% w/v solution of potassium hydroxide. 

The final products were rinsed with water to remove remaining 

tissue.  

4.3.2 μCT imaging of stented casts and image processing  

Micro-computed tomography (μCT80, Scanco Medical AG, 

Switzerland) was used with an isotropic voxel size of 74 μm (energy 

70kVp, integration time 300 ms, tube current 114 μA, and two times 

frame averaging) to capture the overall geometry of the arterial tree. 

The stented vessel segments were dissected from the remainder of the 

arterial tree and re-scanned at higher resolution (μCT40, Scanco 

Medical AG, Switzerland) with an isotropic voxel size of 6 μm (energy 

70kVp, integration time 300 ms, tube current 114 μA, and two times 

frame averaging).  

To partly suppress noise in the raw μCT volumes, a constrained 3D 

Gauss filter was used (σ = 1.2, support = 1). Both μCT datasets of low 

and high resolution were independently segmented using a semi-

automatic, intensity-based approach in Avizo 6.2 (Visualization 

Sciences Group SAS, France) to obtain the lumen geometry. The 

resulting 3D geometries were exported to Geomagic Studio 12 

(Geomagic, Inc., USA) to register and merge the high resolution 

geometry of the stented segment and the low resolution remainder of 

the arterial tree.  

4.3.3 CFD calculations 

ANSYS ICEM CFD (ANSYS, Inc., USA) was used to generate a 

computational grid consisting of approximately 50 million tetrahedral 
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elements in the merged geometry. Steady-state CFD analysis was 

carried out with the finite volume code ANSYS CFX to determine 

hemodynamics and WSS distribution. Blood was modeled as a non-

Newtonian fluid with constant density of 1050 kg/m3 and shear 

dependent dynamic viscosity according to the Carreau model (Chien 

et al., 1966). Inflow rate was set to 0.95 mL/s at the coronary ostium 

(Berne, 1986) and no slip was prescribed at the stent surfaces and 

vessel wall. Murray’s law was applied at the outlets to where the 

largest diameter branch had zero relative pressure. Outflow rates at 

the remaining outlets were determined according to their cross-

sectional area (Murray, 1926; Rikhtegar F, 2013). Residual reduction 

to 10-8 of the initial value was set as the convergence criterion. Grid 

independence studies confirmed that the chosen grid was sufficient to 

capture WSS with a relative error of <4% compared to a grid with 

100% higher cell density. 

4.4 Results 

It has been shown previously that the acquisition method used here 

can capture single stented arteries accurately at high resolution 

(Rikhtegar F, 2013). Figure 4.1 illustrates that this method also 

ensures anatomic fidelity in the case of overlapping stents, showing 

that it captures regions of prolapse between stent struts (Panel A), 

axial arterial deformation caused by the stent implantation (Panel B), 

strut overlap and relative positioning (Panel C), radial arterial 

deformation (Panel D) and strut malapposition (Panel E). 
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Figure 4.1. Porcine left coronary artery lumen negative with two overlapping 

stents. (A) Areas of tissue prolapse (arrows) between stent struts 

(red). (B) Axial arterial deformation due to stenting. The solid lines 

show the individual longitudinal axes of the two deployed stents (red 

and green), while the dashed line approximates the centerline of the 

stent-free artery.  (C) Reconstructed surface of overlapping stents, 

visualizing relative strut positioning in the region of overlap. (D) 

Radial arterial deformation caused by stenting. The arrows indicate 

arterial diameter in the stented (right) and stent-free regions. (E) 

The embedded stents with the captured lumen negative. Malapposed 

strut sections are marked by arrows. 

WSS distribution in one of the porcine left coronary arteries with 

overlapping stents is shown in Figure 4.2. Shear stress below 0.5 Pa, 

here referred to as low and atheroprone according to (Garasic et al., 

2000), is shown in dark blue. Such low WSS is present around 

individual stent struts and at bifurcations. It is clearly visible in the 

inset that a larger wall area is exposed to low shear stress in the 

overlapped region compared to the adjacent areas covered by a single 
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stent. This is not an observation that is limited to one sample: All six 

overlapping stents demonstrate the same qualitative behavior 

(Figure 4.3). Differences between the six cases are mostly due to 

varying stent overlap length: Samples I-III have clearly shorter 

overlap regions compared to the other cases, resulting in smaller 

areas of low WSS.  

 

Figure 4.2. Wall shear stress distribution in a porcine left coronary artery with 

two overlapping stents. Magnified views of the stented segment and 

a bifurcation are shown in the insets. Wall shear stress (WSS) below 

0.5 Pa occurs mainly in the vicinity of stent struts and at 

bifurcations, which are sites known to be prone to intimal 

thickening. A large area of low WSS is observed in the region of stent 

overlap.  



120 

 

 

 

 

Figure 4.3. Wall shear stress distribution in the stented segment of  six arteries 

with overlapping stents. Flow direction is from left to right. A large 

area of low WSS (< 0.5 Pa) is clearly visible in all samples. The extent 

of the low WSS region depends on the number of overlapping struts. 

The first three cases have shorter length of overlap (two to three 

struts) compared to the remaining cases (four to five struts). The 

approximate length of overlap for the first three samples is indicated 

by the dashed lines, while the approximate borders of the remaining 

samples are shown with solid lines. 

To understand why larger wall areas are exposed to low WSS in the 

overlapping stent segments, local hemodynamics must be considered. 

Figure 4.4 shows streamlines projected onto an axial cut plane in the 
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vicinity of stent struts. Panel A illustrates the velocity pattern in an 

overlap segment where blood is tunneled between two alternating 

struts. Recirculation zones are visible adjacent to the outer stent 

struts. They are noticeably bigger where the effect of overlap is sensed 

more, which is the principal reason for observing the bigger area of 

low WSS in the overlap segment. A large recirculation zone  between 

two struts in close vicinity is shown in panel B. This configuration can 

occur in stent overlap zones, yielding increased local blood residence 

times and decreased WSS. Such recirculation zones result inherently 

in low WSS values. 

 

Figure 4.4. Projection of streamlines to cut plane in the vicinity of stent struts. 

(A) Streamlines in overlapping segment with alternating struts. 

Recirculation zones are clearly visible near the stent struts. (B) Large 

area of recirculation between two struts in close proximity.  

Differences in the flow field between completely aligned (congruent) 

and alternating (incongruent) strut configurations are presented in 

Figure 4.5. Velocity magnitudes are higher near the wall in the in-

congruent case, where blood can flow between the alternating struts 

(compare Figure 4.6). In contrast, the congruent strut configuration 

produces larger obstacles to flow, increasing recirculation zone sizes. 

The relative positioning of the overlapping-stent struts influence the 

location of the stagnation points and alter the extent of recirculations 

compared to struts without overlap.  
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Figure 4.5. Vector plots of projected velocity for two different stent overlap 

configurations. Top panel: Alternating (incongruent) struts. Bottom 

panel: Aligned (congruent) struts. The latter configuration is 

associated with lower near-wall velocities (bottom inset) and 

decreased WSS (compare Fig. 6), while in the former relatively high 

velocities are maintained in proximity of the wall (top inset).  

The effect of strut alignment on WSS distribution is shown in 

Figure 4.6, where a longitudinal cut of stented segment is overlaid by 

WSS contour. Congruent strut regions (black arrows) feature lower 

WSS compared to areas with alternating struts (white arrows), where 

the blood can flow at higher velocity near the vessel wall.  
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Figure 4.6. The effect of strut alignment on wall shear stress and velocity 

distribution. Top panel: Longitudinal cut through stented artery 

section. Color map shows shear stress distribution on stent surfaces 

and artery wall.  Low WSS is seen in areas adjacent to congruent 

struts (black arrows), while higher WSS is observed near 

incongruent struts (white arrows). Bottom panels: Vector plot of 

velocities projected onto axial cut plane in the vicinity of congruent 

(left) and incongruent struts (right).  

To quantify the observed phenomena, we compared six cases of 

arteries with overlapping stents to five arteries with two non-

overlapping stents. We chose low WSS (<0.5 Pa) as the relevant 

parameter, since it plays a critical role in the biological response of 

arteries to stent deployment. In the cases with overlap (OV), the 

overlapping segments as well as the segments proximal and distal to 

the overlap were evaluated (Figure 4.7). In the non-overlap cases 

(NO), the proximal and distal stents were considered. Since the 

segment lengths are not all equal, the total area of low WSS was 

normalized by the respective segment’s length.  
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Figure 4.7. Comparison of relative artery wall area exposed to low WSS in 

different segments of overlapping and non-overlapping stents. The 

bar height (mean value over all investigated cases) indicates wall 

surface area per unit length exposed to WSS below 0.5 Pa in arteries 

with overlapping stents (dark) and non-overlapping stents (light). 

Values are given for each segment as defined in the inset. Error bars 

indicate the standard error. Significant differences between the 

sample means according to unpaired t-test are indicated by asterisks 

(** for  p < 0.01,  *** for  p < 0.001). The overlap region shows a 

substantially larger area of low WSS not only compared to the non-

overlap cases, but also compared to the segments proximal and distal 

of the overlap segment. 
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Over the whole stented artery length, the OV cases show a normalized 

low WSS area of 7.7 mm2/mm, which is 57% higher than in the 

combined segments of the NO cases. Qualitatively similar results 

were obtained when comparing the proximal and distal NO stent 

segments to the proximal and distal segments of the OV cases, 

respectively: The OV cases showed approximately 35% higher values 

of normalized area of low WSS. Comparison of the overlap segment 

alone to the combined NO segments and to the combined remaining 

non-overlap segments of the OV cases showed approximately 102% 

and 29% higher normalized area of low WSS values, respectively.  

4.5 Discussion 

It is known that hemodynamics influences atherogenesis (Chatzizisis 

et al., 2007; Samady et al., 2011), thrombogenesis (Hathcock, 2006), 

vascular remodeling (Stone et al., 2003a), neointimal hyperplasia 

(Wentzel et al., 2001) and endothelial healing (Franco et al., 2013). It 

is further known that stent overlap, compared to single stents, 

increases thrombogenicity (Rogers & Edelman, 1995; Kolandaivelu et 

al., 2011), may delay the re-endothelization and enhance platelet 

deposition and thrombus formation (Finn et al., 2005; Murasato et 

al., 2010). Poor re-endothelization, in turn, can lead to  chronic 

inflammation  (Matsumoto et al., 2007), late stent thrombosis 

(Moreno et al., 2005) and increased late lumen loss (Räber et al., 

2010). Despite the documented importance of hemodynamic factors 

on vascular biology and outcome of intervention, the effect of 

overlapping stents on hemodynamics remains poorly understood. In 

this study we have investigated in a realistic domain flow and shear 

stress conditions in coronary arteries with overlapping stents.  

Our results show that areas of low WSS relative to stent size are 

significantly increased in overlapping stents compared to non-
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overlapping stents. This is, for one, due to the enlargement of 

recirculation zones caused by stent strut overlap (Figure 4.2).  This 

effect is independent of whether the stent eludes drugs or not, but it is 

dependent on stent design.  Increased low WSS areas, which can be 

seen in Figure 4.3, may delay re-endothelization and wall healing, 

thereby promoting platelet deposition and thrombus formation (Finn 

et al., 2005; Matsumoto et al., 2007; Murasato et al., 2010). The 

latter two are either an effect of or compounded by locally increased 

blood residence times caused by the recirculation zone.  

Another factor influencing hemodynamics is stent malapposition 

(Figure 4.4 and Figure 4.5), which also occurs at times in non-

overlapping stents (van Geuns et al., 2012) , but it is inherent in 

overlapping stents (Guagliumi et al., 2010). This is a result of the 

outer stent blocking the inner from fully contacting the vessel wall, as 

shown in Figure 4.1, panels B and C, where the stent rendered in red 

is not apposed to the wall in the overlap segment. Malapposition of 

stent struts also leads to alterations in WSS profile (Figure 4.6). The 

type of influence on hemodynamics and shear stress depends on the 

stent strut configuration. When the struts of the overlapping stents 

are placed directly on top of each other (congruent configuration, 

Figure 4.5 bottom), a larger obstacle to blood flow is generated near 

the vessel wall that resembles a single thick strut. Thick stent struts 

have been shown to result in increased rates of restenosis and 

thrombosis due to larger regions of recirculation and flow separation 

(Rogers & Edelman, 1995; Kastrati et al., 2001a; Pache et al., 2003; 

Kolandaivelu et al., 2011) .  When struts are not aligned (incongruent 

configuration, Figure 4.5 top), the near-wall blood flow velocity is not 

reduced to the extent observed in the congruent configuration, as 
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blood is tunneled between the alternating struts. In these cases WSS 

values are also reduced less compared to non-overlap cases 

(Figure 4.6), but spatial WSS gradients are increased. While it has 

been speculated that high spatial WSS gradients may promote 

atherosclerosis (Wells et al., 1996), this could not be confirmed to 

date (Knight et al., 2010; Chen et al., 2011; Rikhtegar et al., 2012).  

The incongruent configuration should thus be considered superior to 

the congruent one. That said, novel tools are required to purposefully 

obtain congruent configurations in clinical practice.  

The observed hemodynamic effects result in increased relative areas 

of low WSS in the stent overlap region compared to the proximal and 

distal non-overlap segments (Figure 4.7).  The relative low WSS area 

is also increased in size with respect to segments of two separate non-

overlapping stents. These results are independent of the general stent 

type (BMS or DES), showing clearly that the overlap geometry is 

sufficient by itself to cause unfavorable flow conditions that may 

worsen clinical outcome (e.g. as quantified by the rate of stent 

thrombosis and in-stent restenosis) compared to non-overlapping 

stents. While stent overlap cannot always be avoided, improved 

deployment strategies or stent designs could be developed to obtain 

as much as possible incongruent strut configurations in the area of 

stent overlap.  

4.5.1 Study Limitations 

If accurate representation of the stented vessel geometry is the most 

important aspect in the correct calculation of WSS distribution, then 

choosing proper boundary conditions is second (van der Giessen et 

al., 2011). Here we have used a generic volumetric inflow rate and 

Murray’s law to set the outlet boundary conditions. Subject-specific 
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measurements for in- and out-flow conditions could yield more 

precise results. This would entail utilizing different imaging 

modalities such as phase contrast magnetic resonance imaging, 

invasive intravascular Doppler ultrasound or in vivo flow or pressure 

measurements that come with their own limitations (Johnson et al., 

2008). 

The biological response of the vascular wall is not considered here, 

and merely hemodynamic effects were investigated. Incorporating 

more complex models that take into account vascular biology and 

transport processes (Olgac et al., 2011) would give deeper insight into 

the topic, as would the inclusion of a wall injury model. The latter is 

relevant due to the increased mechanical load in areas of stent 

overlap. 

Hemodynamics also influence the distribution and uptake of drugs 

eluted from DES, which in turn affect endothelial healing, stent 

thrombosis and in-stent restenosis. In this study, we have not 

distinguished between BMS and DES, but considered exclusively the 

common effect of hemodynamics. Since DES are steadily replacing 

BMS in clinical practice, it will be important to quantify the effect of 

flow on local drug concentration.  

4.6 Conclusion 

We have shown that the relative size of low WSS areas is increased 

significantly in regions of stent overlap compared to non-overlapped 

regions. Since low WSS is generally accepted as a factor in 

atherogenesis and thrombogenesis, we conclude that the adverse 

hemodynamics caused by stent overlap may be responsible in part for 

the adverse clinical outcome in patients that are treated with 

overlapping stents. In cases where stent overlap cannot be avoided, 
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new deployment strategies or stent designs should be considered to 

reduce the size of low WSS areas. 
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5 Three dimensional study of drug deposition 

in porcine coronary arteries with 

overlapping stents 

 

Part of this chapter is going to be submitted to: 

Rikhtegar F, Poulikakos D, Kurtcuoglu, V. (2013) Three 

dimensional simulation of drug deposition in porcine coronary 

arteries with overlapping stents, Journal of Medical 

Engineering and Physics. 

 

 

5.1 Abstract 

Computational modeling has had tremendous impact on many 

aspects of technology development. Within the health sciences, few 

technologies could have as much benefit from modeling and in 

particular multi-scale modeling, as endovascular implants. These 

devices, like stents, stent-grafts, and stent-valves confront fields, 

forces and flows at a range of scales – flows on millimeter scale 

through the vessels and micron scale around stent struts as well as 

strains and stresses along the devices and in the individual struts. 

Computational modeling is especially helpful when an intuitive 

approach cannot provide a singular solution, and there are too many 

variables to consider at once and/or to vary over a defined range. 

Within endovascular device biology, computational modeling has 

been essential in helping define both the limits of efficacy and the 
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mode, mechanism and alternatives to avoid toxicity. For example, 

drug-eluting stents are accepted as mainstream endovascular 

therapy, yet concerns for their safety may be under-appreciated. 

Failure from restenosis has dropped from 40 to less than 10% but the 

risk of stent thrombosis is 1 per 100 per year and with each event 

there is a 50% fatality. In the present work, we have developed a 

coupled flow and mass transfer model which is able to study the 

hemodynamics and drug deposition in stented coronary arteries with 

overlap. A novel method creates a multi-modal, multi-scale approach 

to define with utmost geometrical fidelity the domain of operation of 

endovascular implants and integrates computational modeling with 

ex-vivo techniques to extract real-world point-wise map of velocity, 

shear stress and drug distribution. Our high-fidelity in-silico model 

shows that the drug uptake of the arterial tissue is dependent both on 

the patterns of flow disruption near the wall as well as relative 

positioning of drug eluting struts. It is seen that the overlap of the 

stent struts would lead to localized peaks of drug concentration and 

anisotropic structure of the implanted stent would lead to asymmetric 

pattern of drug distribution along the coronary artery.  
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5.2 Introduction 

Drug eluting stents (DES) offer significant improvement in clinical 

and angiographic indices of complex lesion treatment through 

suppression of neointimal hyperplasia and reduction of angiographic 

restenosis.  Angiographic and clinical restenosis rate of DES increases 

with the length of lesion, where the stent overlap is generally 

inevitable (Mauri et al., 2005). Despite improvements of new 

generations of DES (Degertekin et al., 2003; Moses et al., 2003; 

Tsagalou et al., 2005), their clinical outcome in cases of overlap, 

which is likely in about  30% of patients undergoing PCI (Schampaert 

et al., 2006; Räber et al., 2010), is still a case of debate.   

Some published investigations, on one hand, reported the safety and 

effectiveness of overlapping DES both in midterm and long-term 

outcomes re-counting the comparable results for patients  treated 

with a single long or multiple short stents (Aoki et al., 2005; Chu et 

al., 2006; Lee et al., 2006). On the other hand, more recent 

publications have raised concerns regarding the safety of DES use 

specially in overlapped sites of multiple stenting procedures (Moreno 

et al., 2005; Matsumoto et al., 2007; Vermeersch et al., 2007; Shinke 

et al., 2008; Nakazawa et al., 2010).  It is shown that stent overlap 

has been associated with increased in-stent restenosis and a great 

lumen loss in stent due to delayed healing and increased 

inflammation regardless of stent type (Wang et al., 2000a; Kereiakes 

et al., 2006; Räber et al., 2010).  

Stent overlap from one side significantly alters the hemodynamics of 

stented artery creating regions of stagnation, separation and 

recirculation depending on the stent geometry, asymmetric change of 

stent cell structure due to implantation and relative geometrical 

configuration of overlapping struts (Hwang et al., 2001; Salam et al., 
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2006; Kolandaivelu et al., 2011). This will result in depletion of 

minimally diluted drug and outsized concentration of it inside the 

arterial wall in overlapping segments (Balakrishnan et al., 2005; 

Salam et al., 2006). From the theoretical side, multiple overlapping 

or adjacent struts may lead to potential local cytotoxicity, aneurysm 

formation (Tsujita et al., 2009), fibrin deposition (Farb et al., 2001; 

Balakrishnan et al., 2005), positive remodeling (Aoki et al., 2008), 

persistent inflammation (Finn et al., 2005), stent thrombosis and in-

stent restenosis (Joner et al., 2006; Räber et al., 2010; Kolandaivelu 

et al., 2011) as a consequence of increased arterial injury, poor 

endothelization and delayed healing in overlapping regions (Finn et 

al., 2005; Lim et al., 2008; Shinke et al., 2008). Amplification of 

thrombogenic effects and inflammation may also be observed at sites 

of overlap as an adverse hypersensitivity reaction of the local 

vasculature to a specific polymer or/and drug utilized (van der 

Giessen et al., 1996; Finn et al., 2005). Consequently, drugs with a 

narrow toxic-to-therapeutic ratio or therapeutic window such as 

paclitaxel may suffer severely from suboptimal dosing at sites of 

struts adjacency and overlap and stents delivering these drugs require 

extra mid-term and long-term clinical investigations in terms of 

performance and efficacy (Farb et al., 2001; Finn et al., 2005; Salam 

et al., 2006; Pires et al., 2007).  

the role of DES overlap as an independent risk factor for stenosis is 

not clear (Serruys et al., 2002; Stone Gw & et al., 2005; Kereiakes et 

al., 2006) and more concerns have been raised recently with regard to 

impairment of long-term clinical and angiographic outcomes such as 

late stent thrombosis (Meucci et al., 2005; Moreno et al., 2005) and 

increased late lumen loss (Räber et al., 2010). Restenosis property of 

the DES platforms, which is discriminated by late lumen loss, is not 

equal for different DES (Moses et al., 2003; Kim et al., 2006; Shelton 
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R J, 2009). Despite the few investigations assessing the DES use in 

long lesions, it may still be concluded that stent overlap is associated 

for DES with a larger degree of late lumen loss, and more frequent 

binary ISR (Shelton R J, 2009; Räber et al., 2010). 

In order to account for most of aforementioned factors in pre-clinical 

study of overlapping DES, a computational method considering 

disrupted blood flow together with mass transport analysis of eluted 

drug in a realistic 3D geometry is required as an invaluable tool to 

investigate the probable adverse clinical outcomes. To develop such a 

tool it is necessary to resolve the stent struts and arterial deformation 

specially at overlapping segments with high accuracy with realistic 3D 

geometry. 

We have already devised a combinatory method for the precise 

calculation of hemodynamic factors and shear stress parameters in 

stented arteries(Rikhtegar F, 2013). which is capable of accurately 

acquiring the macroscopic array of arterial tree alongside the 

microscopic configuration of the stent struts.  

In this paper we make use of this method to investigate the 

hemodynamics of stent overlap in porcine coronary arteries together 

with mass transport and drug deposition inside the arterial wall. 

5.3 Methods 

An expanded methods section for ex vivo preparation of the model 

could be found for the utilized method in our former publication 

(Rikhtegar F, 2013), and here only a brief introduction is presented.  
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5.3.1 Ex vivo preparation of model: Stent implantation, 

vascular corrosion casting  

Left coronary artery of an ex vivo porcine heart was cannulated and 

an interventional cardiologist implanted two absorbable metal 

scaffolds of 10 mm length and 3 mm diameter (Biotronik AG, Bülach, 

Switzerland) in them under angiographic guidance. Extra care 

devoted for second stent implantation to partly overlap the first one.  

Mixing the low-shrinkage epoxy-based Biodur E20 resin (Biodur 

Products GmbH, Heidelberg, Germany) and iodine-saturated methyl 

ethyl ketone solvent, a radio-opaque casting material was prepared. 

Using a pneumatic apparatus the resin was injected under 

physiological pressure of 90 mmHg (120 mbar) to capture realistic 

size and configuration of arterial tree,. The heart left intact in room 

temperature for 36 hours, and then macerated for 12h at 55 °C in a 

7.5% w/v solution of potassium hydroxide. The final product was 

rinsed with water several times to remove the tissue remaining . 

5.3.2 Scanning and Image processing: μCT imaging of 

casts, segmentation and registration  

The overall geometry of the arterial tree was captured using micro-

computed tomography (μCT 80, Scanco Medical AG, Brüttisellen, 

Switzerland)  with an isotropic voxel size of 74 μm (energy 70kVp, 

integration time 300 ms, tube current 114 μA, and two times frame 

averaging) Stented segment was dissected and re-scanned (μCT 40, 

Scanco) with an isotropic voxel size of 6 μm (energy 70kVp, 

integration time 300 ms, tube current 114 μA, and two times frame 

averaging) to obtain higher resolution images This strategy enabled 

us to resolve the individual stent struts as well as arterial wall’s 

geometry with rational expenses. 
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To partly suppress noise in the raw μCT volumes, a constrained 3D 

Gauss filter was used (σ = 1.2, s = 1.0). Using a semi-automatic, 

intensity-based approach in Avizo 6.2 (Visualization Sciences Group 

SAS, Merignac, France), both μCT datasets of low and high resolution 

were independently segmented to obtain the lumen geometry. The 

resulting 3D geometry was exported to Geomagic Studio 12 

(Geomagic, Inc., Morrisville, NC, USA) and the high resolution 

geometry of stented segment and the low resolution remainder of the 

arterial tree were registered and merged . Assuming a 500 micron 

thickness as a nominal value of thickness for a coronary artery, which 

is smaller than human vascular thickness (van Andel et al., 2003),  

the vascular outer wall was generated from numerical expansion of 

the segmented lumen boundary. The generated geometry was 

exported in STL format for subsequent computational grid 

generation.  

5.3.3 Computational set-up and governing equations 

ANSYS ICEM CFD (ANSYS, Inc., Canonsburg, PA, USA) was used to 

generate a computational grid consisting of approximately 85 million 

tetrahedral elements in the merged geometry. A coupled CFD and 

mass transfer model was applied to conduct the Steady-state blood 

flow and mass transfer analysis to determine the flow velocity inside 

the artery and drug distribution in the lumen and the arterial wall. 

The mass and momentum conservation equations which are solved 

inside the lumen are as follows: 

       ⃗⃗  ⃗       (5.1) 

 (  ⃗⃗  ⃗     ⃗⃗  ⃗  )            (      ⃗⃗  ⃗)  (5.2) 
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Where   ⃗⃗  ⃗           are the velocity vector inside the lumen, 

density, pressure and dynamic viscosity, respectively.  Blood is 

modeled as a non-Newtonian incompressible fluid with constant 

density of 1050 kg/m3 and shear dependent dynamic viscosity 

calculated by Carreau model (Chien et al., 1966). Blood assumed to 

flow in with the rate of 0.95 mL/s at the ostium and no slip boundary 

condition applied at the vessel wall (Berne, 1986). Murray’s law was 

applied at the outlets in a way that the outlet with the largest 

diameter had zero relative pressure and for the remaining outlets, 

outflow rates were determined according to their cross-sectional area 

(Murray, 1926; Rikhtegar F, 2013). Drug transport inside the lumen is 

governed by the advection-diffusion model as: 

  ⃗⃗  ⃗            
      (5.3) 

Where    is the drug concentration within the fluid domain and     

denotes the diffusivity of the drug which is assumed to be paclitaxel 

here and equal to               ⁄  (Kolachalama et al., 2009a). A 

zero concentration is assigned at the inlet and open boundary 

condition and flux conservation are assumed at the outlets and the 

mural interface, respectively. Dirichlet boundary condition of 

respectively unit and zero concentration is assumed for the  DES and 

BMS struts. 

Similarly, the continuity and momentum is solved inside the arterial 

wall which is assumed to be a porous medium: 

       ⃗⃗⃗⃗      (5.4) 

 (  ⃗⃗⃗⃗      ⃗⃗⃗⃗   )            (      ⃗⃗⃗⃗ )   (
 

 
)  ⃗⃗⃗⃗   (5.5) 
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Where   ⃗⃗⃗⃗  is the velocity of infiltrated blood inside the arterial wall 

and the momentum is updated according to the Darcy’s low and K, 

the permeability of wall, is equal to               (Tada & Tarbell, 

2001; Kolachalama et al., 2009a).  Drug transport inside the arterial 

wall is similarly governed by advection-diffusion equation: 

  ⃗⃗⃗⃗             
     (5.6) 

Where    is the concentration of the drug inside the artery and   , 

the drug diffusivity within the arterial wall, is equal to      

         ⁄  (Kolachalama et al., 2009a). The zero flux and 

impermeable boundary conditions are assumed at the perivascular 

side and outlets of the arterial wall, respectively.  

Convergence criterion set for the residual reduction to 10-8 of the 

initial value, and it took approximately two hours on 32 AMD 

Opteron 6174 processor cores to calculate the results. Grid studies 

were performed to ensure independence of the results from 

computational mesh. 

5.4 Results 

In the following we will show the concentration of Paclitaxel drug 

inside the lumen and vascular wall of an ex vivo porcine left coronary 

artery stented with drug eluting stents. We will further show the effect 

of overlap and flow disruption caused by that on drug distribution in 

the vicinity of stent struts and specially at overlapping segments of 

coronary arteries. 
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Figure 5.1 presents the domain of study where the blood flow and 

drug transfer is simulated. The region of overlap is also magnified and 

it is shown that some parts of stent struts are protruded inside the 

vascular wall. 

 

Figure 5.1. The overall geometry of stented porcine left coronary artery. The 

inset shows the stented region and how the stents overlap. The 

protrusion of the stent struts inside the vascular wall is recognizable. 

The mural drug deposition along the flow direction in an overlapping-

stented porcine coronary artery is shown in Figure 5.2. As shown in 

magnified insets, the drug concentration is higher in the vicinity of 

stent struts and it is considerably high in special locations around the 

overlap segment. The recirculation zones and flow separation close to 

the struts induce an asymmetric drug deposition contour in the 

longitudinal flow direction which is already reported in the literature 

(Kolachalama et al., 2009a; Kolachalama et al., 2009b). The 

asymmetric pattern of drug deposition map which is observed in 3D 

simulation also highlights the paramount role of blood flow on drug 

distribution compared to the published 2D simulations (Balakrishnan 

et al., 2005; Balakrishnan et al., 2007; Balakrishnan et al., 2008). 
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The magnified insets in different locations illustrate that stent overlap 

cause higher dosage of local drug delivery (peak concentration), 

which is expected to be not only due to higher local drug load but also 

more direct contact of the drug eluting struts and tissue and, more 

important for us, disrupted blood flow.   

  

Figure 5.2. Mural drug deposition along the flow direction in an arterial vessel. 

Insets shows a high magnification image of drug pattern in different 

locations in the vicinity of stent overlap. Higher drug deposition is 

noticed where the stent struts overlap. 
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The drug deposition map inside the arterial wall together with drug 

concentration on mural wall is presented in Figure 5.3. It is seen that 

the relative strut configuration plays an important role in drug 

deposition profile and higher concentration of drug is visible at the 

site of overlap and in vicinity of inter strut connectors. A large drug 

concentration gradients within the arterial wall is observed wherein 

the concentration peaks are right beneath the stent struts and it 

diminishes going away from the stent struts. Furthermore, it seems 

that the luminal flow alleviates the extreme spatial heterogeneity of 

drug distribution. 

 

Figure 5.3. Drug deposition along the flow direction and inside arterial wall. 

Inset shows a high magnification image of drug pattern in the 

stented segment. High drug deposition is noticed at the overlap 

region and distal to inter-strut connectors. 
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Drug deposition map is also shown in different cross-sections of the 

arterial wall as presented in Figure 5.4. The cross-sections are 

selected proximal to (A, B and C), within (D,E and F) and distal (G, H 

and I) to the overlap segment. It is seen that the drug deposition is 

higher when the stent struts are closer to each other and create 

recirculation zones in the lumen in the vicinity (compare A and B).  

As presented in cross-section E where the struts are positioned closer 

to each other due to stent overlap, drug deposition is higher in the 

mural surface and inside the arterial wall. In distal cross-sections it is 

observed that the drug concentration is higher compared to those of 

proximal, in particular in regions quite far from struts, which is 

because of convection of the drug with the blood to distal regions 

(Check H). 
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Figure 5.4. Drug deposition in different cross-sections of the artery proximal 

to, within and distal to the overlap segment. Higher drug deposition 

inside the arterial wall and mural surface is noticed where the stent 

struts are closer as a result of stent overlap. 

To quantify the drug deposition map, drug deposition on the mural 

surface is calculated as the area-weighted average of drug 

concentration (AWAC) in the proximal, overlapping and distal 

segments of stented region as shown in panel A of Figure 5.5. It is 
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shown that the AWAC in the overlap section is 24% and 15% higher 

than proximal and distal segments, respectively. It is also shown that 

the total uptake of drug in the arterial wall, here denoted as volume-

weighted average of drug concentration (VWAC), is highest in the 

overlap region as presented in panel B of the Figure 5.5. Considering 

both the AWAC and VWAC in different segments of the arterial wall 

and mural surface, we can conclude that the flow-mediated effect 

induced by the positioning of stent struts in overlap segments 

increases the drug concentration in the mural surface and its 

deposition inside the arterial wall in the overlap segment. We are 

going to further discuss this phenomenon later. 
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Figure 5.5. Quantification of the drug concentration on the mureal surface and 

inside the arterial wall. The drug deposition on the mural surface is 

quantified as the area weighted average of drug concentration 

(AWAC) and its deposition inside the arterial wall is quantified by 

volume-weighted average of drug concentration (VWAC) within the 

arterial tissue. AWAC and VWAC are observed to be higher in the 

overlap segment compared to proximal and distal regions due to 

presence of overlapping struts and flow-mediated drug deposition 

map.  

To further quantify the drug deposition at perivascular wall, the 

concentration of drug is plotted in different locations proximal to, 

within and distal to the overlapping segments (Figure 5.6). It is 

shown that the drug deposition on the perivascular wall is higher in 

overlapping region compared to the proximal segment. However, due 

to flow-mediated effect of drug deposition which is clearly shown in 

Figure 5.2 and Figure 5.3, the drug deposition in distal segments of 

the artery may be comparable to overlap segments in some areas. 

This is mainly due to the flow-dependent characteristics of drug 

deposition where the concentration of drug would be higher in 

locations distal to inter-strut connectors or where the flow is 

considerably disrupted by the stent strut configurations. 
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Figure 5.6. Drug deposition plot in different locations of perivascular wall. It is 

seen that the drug deposition is higher in overlap region compared to 

the proximal segment of the stented artery. Drug deposition at distal 

segment of perivascular wall is higher in some areas due to the flow-

dependent characteristics of drug deposition and transmural 

diffusion-mediated transport of drug distal to inter-strut connectors 

and overlapping struts.  

To investigate the effect of hemodynamics and flow disruption on 

drug deposition we have shown the overlay of blood flow streamlines 

on the drug concentration map in different longitudinal cross-

sections of the stented artery in Figure 5.7. As shown in the figure, the 

drug deposition is very much depending on the blood flow disruption 
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and strut spacing. The luminally-protruding and overlapping struts 

alter the blood flow and thereby create the regions of recirculation 

and stagnation where substantial drug deposition can occur. It is also 

seen that the relative spacing of the stent struts is critical to drug 

deposition as well and the drug deposition is not only affected by 

exposure of the tissue to higher amount of drug, but it is also exposed 

to disrupted pattern of the flow where the drug can pool with minimal 

dilution from flow and lead to substantial concentration of drug on 

the mural surface and inside the arterial tissue.  

 

Figure 5.7. Overlay of blood flow streamlines and drug concentration map in 

longitudinal cross-section of the arterial wall in overlap segment. 

Higher concentration of drug is observed where the flow is disrupted 

as a result of overlapping strut positioning and consequently the 

drug deposition pattern is affected by the blood flow map. 



149 
 

5.5 Discussions 

The computational study of a coupled fluid dynamics and mass 

transfer model allowed us to assess the importance of fluid dynamics 

on drug deposition in stented coronary arteries with overlap. We 

studied the effects of flow on arterial drug delivery which is of great 

importance and thus far underestimated as clinical and animal 

studies are not able to fully characterize them. The results of this 

study could have paramount implications for the design of new DES 

with enhanced clinical outcomes. 

The spatial variation of depleted drug deposition in 3D is 

considerably high due to heterogeneous flow forces caused by 

interaction of local flow and anisotropic stent design leading to an 

asymmetric drug map (Hwang et al., 2001). The drug concentration 

profile in case of multiple stent implantation highly depends on the 

inter-strut spacing, and the peak concentration, shown in Figure 5.2, 

will rise as this distance decreases. Drug deposition in nonlocal distal 

parts of stented artery is also observed to be higher compared to the 

proximal segments due to the effect of convectively-delivered drug 

there. Hence, the overall uptake of the drug inside arterial tissue is 

not only determined by direct contact of drug eluting struts with 

arterial wall, but also with flow-mediated convective transport of 

drug into the arterial wall.  

In addition to increasing the direct contact between the arterial tissue 

and the drug eluting struts, overlapping stents amplify the drug load 

in the vicinity due to alteration of blood flow (Figure 5.2 and 

Figure 5.3). The strut embedding increases the drug concentration 

inside the wall and decreases the amount of drug convected to distal 

regions. On the other hand, the protrusion of the stent struts disrupt 
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the flow field and induce flow separation and recirculation zones 

which modulates the drug deposition in vascular wall and mural 

surface. This phenomenon also alters the drug delivery to inter-strut 

regions and minimize the gap between the local minimum and 

maximum drug concentration.  The resultant effect of drug deposition 

rise due to stent overlap greatly depends on the relative strut 

configuration, and is more pronounced when the struts of 

overlapping stents are positioned very close to each other. 

Arrangement of overlapping struts in a staggered manner relative to 

each other will lead to generation of recirculation zones and 

stagnation points distal to them which will create a pool of drug and 

result in higher drug deposition distally (Figure 5.7). This has already 

been reported with different combination of DES and BMS in 2D 

cases (Balakrishnan et al., 2005) and now we are observing similar 

trend in 3D. Because of this counterintuitive effect of flow on drug 

deposition, it seems that the blood flow amplify the drug deposition 

beyond the local region where the stent struts are in direct contact 

with the arterial wall. Thus, the drug deposition map depends on a 

complex interaction of stent strut both with the arterial wall and near-

wall flow profile, which itself is dependent on stent size and relative 

position. This would emphasis more on stent design and implantation 

procedure and their effect on adverse clinical outcomes already 

reported for DES. In case of overlap, where the second drug eluting 

stent is introduced inside the artery, the malapposition and the effect 

of flow disruption would modulate the amount of arterial tissue drug 

uptake. When stents overlap, the amount of drug that mural area is 

receiving increases. However, it is not linearly dependent on the 

amount of drug coated on the struts and is determined by the local 

flow patterns (Figure 5.5).  
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The increment of drug deposition on mural surface in case of overlap 

may lead to the reported delayed vascular healing. This phenomenon 

coupled with the raise of drug uptake in distal tissue and inter-strut 

regions highlights the complexity of drug and tissue interaction and 

the paramount role of blood flow. Temporal development of intimal 

hyperplasia would also add to the complexity of this treatment 

cascade. The important case of overlap, increasing the peak 

concentrations locally, may also complicate the total drug uptake due 

to the important role of local flow and inter-strut positioning. 

Other very important factor in interventional cardiology is the 

vascular injury induced by stent implantation. Also increasing the 

stent embedding would directly lead to augmentation of tissue drug 

uptake, but it would lead to higher vascular injury. In the complex 

scenario of stent overlap, the outer (first) stent is pushed further 

inside the arterial wall and lead to higher vascular injury, while the 

inner (second) stent is opposing the flow and disrupting the 

hemodynamics. Thus, there will be localized peaks of drug 

concentration due to the outermost stent and decrease of the surface 

of the strut delivering the drug to the flow. On the other hand, the 

inner stent would disrupt the flow and by generating recirculation 

zones pool the drug in vicinity and lead to a nonuniform drug map. 

This underlines extra attention for clinical decisions between one long 

stent or overlapping stents, stent design and clinical follow up in 

multiple stenting cases. 

Although computational modeling is becoming the method of choice 

to study the performance of drug eluting stents and interpret the 

clinical outcomes, yet these idealized models are not able to account 

for all the physiological mechanisms. In this ex vivo and in silico 

study, we have developed a compound method capable of studying 
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the hemodynamics and mass transfer in stented arteries with 

exceptionally high geometrical fidelity. This novel method offers the 

following strengths: 1) it is able to capture the geometry of individual 

struts as well as deformation of vasculature as a result of stenting; 2) 

it allows us to compute point-wise maps of velocity, shear stress and 

drug concentration along the arterial tree. With these two assets 

combined, we are able to investigate complex geometrical 

confidurations and diverse stenting scenarios. However, this work is 

limited to a highly idealized scenarios and lays down the bases for the 

numerical refinements. An essential complement to this tool would be 

to add the realistic biological settings and consider the drug delivery 

efficacy together with the biological variability and vascular response. 

Heterogeneous tissue structure, topographies of diseased vessel, drug 

metabolism and binding, arterial drug transport via vasa vasorum, 

drug-specific pharmacokinetics and also the impact of intimal 

hyperplasia and thrombosis on DES performance should be included 

later.  

In addition, further animal studies and in vivo experiment is needed 

to investigate the biological response of the artery together with 

detection of the drug deposited in the arterial wall to account for 

drug-specific properties of numerous clinically-practiced DES. 

5.6 Conclusions 

Computational methods coupling blood flow and mass transfer 

provide invaluable tool to study stent-based drug delivery in complex 

stenting scenarios such as overlap. Arterial drug uptake and 

concentration patters are highly dependent on both the local near-

wall flow and the stent strut location and positioning. Taking these 

phenomena carefully into account and including physiological factors 

and drug-specific pharmacokinetics in mathematical models in 
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conjunction with devising wise in vivo experiment scenarios may lead 

to exceptional design of DES and minimizing the reported adverse 

clinical events. Our 3D realistic computational model highlights the 

fact that flow-mediated effects plays a great role in prediction of the 

drug delivery to the stented artery and it should be considered in 

chorus with geometrical positioning and design of drug eluting stents.  
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6 Epilogue 

This thesis presents the development and optimization of an ex vivo 

and in silico method to study the hemodynamics and mass transfer 

inside stented coronary arteries. The developed method was then 

applied to model the hemodynamics and drug transport inside 

coronary arteries with overlapping stents.  

The principal objective of this work was to develop a methodology to 

precisely reconstruct the hemodynamics in stented vessels and 

quantify the associated wall shear stress (WSS). We stented the 

coronary arteries of ex vivo porcine hearts with the help of an 

experienced interventional cardiologist under angiographic guidance 

and performed vascular corrosion casting on left coronary arteries. 

The casting resin was modified by adding saturating amount of Iodine 

to  increase the radiopacity and enhance the signal-to-noise ratio. The 

vessel geometry precisely acquired using micro-computed 

tomography  in two different imaging resolution (with 6 micron 

resolution in stented segments). The coronary artery lumen was 

segmented using a semi-automatic, intensity-based approach in Avizo 

6.2 (Visualization Sciences Group SAS, Merignac, France) and the 

resulting 3D geometries were registered and smoothed in Geomagic 

Studio 12 (Geomagic, Inc., Morrisville, NC, USA) to where the high 

resolution geometry represented the stented artery region and the 

lower resolution one the remainder of the arterial tree. A 

computational grid was generated in ANSYS ICEM CFD (ANSYS, 

Inc., Canonsburg, PA, USA) and computational flow analysis was 

carried out with the finite volume CFD code ANSYS CFX. On account 

of anatomic fidelity, the method is able to yield accurate point-wise 
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local flow map and capture in detail the stent geometry, arterial tissue 

prolapse, radial and axial arterial deformation as well as strut 

malapposition. This novel compound method constitutes a unique 

tool for assessing WSS in stented arteries and performing a spatially-

resolved analysis of the relationship between hemodynamic factors 

and vascular biology. It can further be employed to develop stenting 

strategies that optimize hemodynamics and to design new stents that 

minimize regions of neo-intimal hyperplasia promoting WSS. 

We have shown in a peer-reviewed publication that in order to resolve 

the realistic near-wall flow it is crucial to precisely capture the 

individual struts shape and their interaction with vascular wall 

(Rikhtegar F, 2013). 

We utilized our method to investigate the hemodynamics inside 

coronary arteries with overlapping stents. Our results show that areas 

exposed to low WSS are significantly increased in overlapping 

segments compared to non-overlapping stents. This is due to 

increment of flow disruption and the enlargement of recirculation 

zones caused by stent strut overlap.  This effect which is independent 

of stent type (BMS or DES) depends on stent design and its 

positioning style. Increased low WSS areas are believed to delay re-

endothelization and wall healing, and hence promoting platelet 

deposition and thrombus formation. We hypothesize that locally 

increased blood residence times caused by the recirculation zone lead 

to thrombus formation and platelet deposition.  

Malapposition, which is inherent in overlapping stents is another 

stressor which is influencing stented artery hemodynamics. The 

malapposition is happening as a result of introducing the second 

stent inside the already-implanted stent where the outer stent blocks  
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the inner from fully contacting the vessel wall. Malapposition of stent 

struts opposes the blood flow near the wall and also leads to 

alterations in WSS profile. The resulted influence on hemodynamics 

and shear stress depends on both the stent size and the stent strut 

configuration. When the struts of the overlapping stents are placed 

directly on top of each other (congruent configuration), a larger 

obstacle to blood flow is generated near the vessel wall that resembles 

a single thick strut, which have been shown to result in increased 

rates of restenosis and thrombosis due to larger regions of 

recirculation and flow separation. When struts are not aligned 

(incongruent configuration), the near-wall blood flow velocity is not 

reduced to the extent observed in the congruent configuration, as 

blood is tunneled between the alternating struts. In these cases WSS 

values are also reduced less compared to non-overlap cases, but 

spatial WSS gradients are increased. The incongruent configuration 

should thus be considered superior to the congruent one. As our 

results are independent of the general stent type (BMS or DES), we 

prove that the overlap geometry is sufficient by itself to cause 

unfavorable flow conditions that may worsen clinical outcome 

compared to non-overlapping stents. As stent overlap cannot always 

be avoided we propose that improved deployment strategies or stent 

designs should be developed to avoid the adverse clinical outcomes.  

We then made use of our developed compound method to investigate 

the WSS map and drug distribution in porcine coronary arteries with 

overlapping stents. Our goal was to evaluate flow disturbances 

introduced by stent overlap which may modulate the drug 

distribution pattern and thus contribute to the reported clinical 

detrimental consequences associated with overlapping drug eluting 

stents. In cases with overlapping DES, we have observed depletion of 

minimally diluted drug and outsized concentration of it inside the 
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arterial wall just beneath the overlapping struts. We successfully 

showed that the complex asymmetric pattern of drug distribution in 

arteries with overlapping stents is highly dependent on the 

hemodynamics alteration of stented artery creating regions of 

stagnation, separation and recirculation depending on the stent 

geometry, asymmetric change of stent cell structure due to 

implantation and relative geometrical configuration of overlapping 

struts. Consequently, we believe that drugs with a narrow therapeutic 

window such as paclitaxel may suffer severely from suboptimal 

dosing at sites of struts adjacency and overlap and stents delivering 

these drugs require extra mid-term and long-term clinical 

investigations in terms of performance and efficacy. 

While drug-eluting stents, which allow drug delivery to specific 

portions of the vasculature have shown noticeable improvements in 

clinical outcomes compared to the first generation bare metal stents, 

they are still associated with a number of serious and often lethal 

complications such as late vessel toxicity from hypersensitivity, 

delayed healing, incomplete re-endothelialization, restenosis and 

thrombosis. Stent thrombosis is a lethal event that persists at a low 

but not insignificant rate. Thrombosis risk arises early after 

implantation, can persist for years with DES, and is catastrophic - 

~50% of patients with clotted stents do not survive. Yet, there is no 

general consensus on the primary risk factors. Part of the problem 

stems from the fact that the tools used to evaluate risk focus on 

clinical associations and procedural descriptors, rather than on 

physical parameters or biological events, yielding inconclusive 

findings. Thus, stent usage remains uncertain, with complications 

impossible to predict and causes that are even less understood. 

Our computational investigations of stented-artery hemodynamics  

and drug elution were carried out with utmost geometrical fidelity but 
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in a still idealized setting, in that biological variability was ignored. 

Therefore, including the biological response of the arterial wall and 

investigating the efficiency of the drug delivery would be a natural 

research progression for his thesis. This work was limited to a highly 

idealized scenarios but lays down the bases for the numerical 

refinements. An essential complement to his work would be to add 

the realistic biological settings and consider the drug delivery efficacy 

together with the biological variability and vascular response.  

Thus a complex numerical model could be developed, accounting not 

only for the vascular blood flow and drug elution, but also for 

subsequent ligand-receptor binding (and thereby tissue response). 

Numerical developments could be conducted in close synergy with 

experimental benchmark tests to ensure the accuracy of the 

formulation, and then should be validated against animal data to 

ensure proper modeling in in vivo conditions. 
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Appendices 

A1 Methodology (Casting) 

1. Heart preparation 

1.1. Wash porcine heart with water externally  

1.2. Cut aorta at least 25 mm above aortic valve 

1.3. Remove pericardium and any other vasculature 

1.4. Flush coronary arteries through ostiums with physiological 

solution 

1.5. Inject heparin solution through ostiums to dissolve blood 

clots  

1.6. Conserve heart in 0.91% w/v solution of NaCl in water and 

preserve by refrigeration at 4◦C in a 500 ml jam jar 

 

2. Cast preparation 

2.1. Prepare an iodine-saturated solution of MEK1 by: 

2.1.1. Setup small glass vial and tare on balance 

2.1.2. Place (0.563*desired-mass-of-final-solution) of MEK 

in vial and tare (i.e. for 1.775g of solution, add 1g of 

MEK) 

2.1.3. Add 0.775g of iodine crystals for every 1g of MEK  

(WARNING, I2 CRYSTALS ARE TOXIC – PERFORM WITH CARE 

UNDER FUME HOOD) 

2.2. Place stirrer and place on magnetic stirrer until crystals have 

been visibly dissolved  

(CHECK CRYSTAL DISSOLUTION VISUALLY BEFORE ADDING TO 

RESIN) 

                                                                    
1 All suggested values are for producing 4.06875g of cast, enough to cast at 

least one left coronary artery. 



161 
 

2.3. Prepare vascular cast of BIODUR E20 Resin and E2 

Hardener: 

Parts by mass are: Resin (E20) : Hardener (E2) : 

Iodine-MEK  1 : 0.45 : 0.1775 

2.3.1. Setup disposable plastic cup and tare on balance 

2.3.2. Using syringe, place (0.614*desired-mass-of-cast) of 

E20 resin in cup (i.e. for 4.06875g of cast, add 2.5g of 

E20 resin) 

2.3.3. Using different syringe, add (0.276*desired-mass-of-

cast) of E2 hardener in cup. (i.e. for 4.06875g of cast, 

add 1.125g of E2 hardener) 

(PERFORM ALL FOLLOWING STEPS WITH CARE UNDER FUME 

HOOD) 

2.4. Finalize radiopaque resin: 

2.4.1. Using different syringe, add (0.109*desired-mass-of-

cast) of iodine-MEK solution to cup. (i.e. for 4.06875g 

of cast, add 0.4438g of MEK) 

2.4.2. Mix components thoroughly using metal spatula 

2.5. Place cup in vacuum chamber to degas. Release valve upon 

first vigorous bubbling. Repeat for 2-3 minutes 

2.6. Leave to set for at least 15 minutes before injection 

3. Casting 

(PROCESS SHOULD BE CARRIED OUT WITH HEARTS 

IMMERSED IN A WATER BATH) 

3.1. Prepare syringe with resin for injection: 

3.1.1. Using a stopper, close the outlet of a 10ml syringe 

3.1.2. Pour cast material into syringe carefully 
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3.1.3. Connect syringe to air-source and close butterfly bolts 

to seal it 

3.2. Resin injection: 

3.2.1. Connect cannula to syringe tip (do this without ever 

removing the cannula from the water bath) 

3.2.2. Pressurize syringe at 200mbar 

3.2.3. Open cannula 

3.2.4. After 20-30 seconds reduce injection pressure to 

120mbar 

3.2.5. After 5 minutes (and after checking that at least 2ml of 

resin has left the syringe), close cannula 

3.3. Leave heart in water bath for 36 hours to allow resin to 

harden at room temperature 

 

4. Tissue maceration 

4.1. Immerse heart (with hardened cast arteries) in a 7.5% v/v 

solution of Potassium Hydroxide (KOH) in water in a 1L 

jam jar 

4.2. Place jars in an oven at 55ºC for 12 hours 

4.3. All the content of jam jars, including the KOH, blood and 

tissue should be collected in separate specified dumping 

containers 

4.4. If necessary, wash away remaining tissue with detergent 

4.5. Cast cleaning and preparation for scanning: 

4.5.1. Remove smaller vessels with care (keep vessels above 

roughly 10% cross-sectional area of main-branch) to 

leave only the main-branch with larger 1st level side-

branches 

4.6. Document, label and await scanning 
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A2 Methodology (Imaging and processing) 

1. Imaging 

1.1. Overview (LR) preparation and scanning: 

1.1.1. Fix ends of whole cast in 75.8 mm diameter vial using 

polystyrene  

1.1.2. Scan at:  Scanner – µCT80 

Voltage –  70 kVp 

Current –  113 µA 

Pre-filter –  3 mm Al 

Resolution –  74 µm 

1.2. Save as TIFFs 

1.3. Detailed (HR) preparation and scanning: 

1.3.1. Cut cast to keep only 3 mm from each side of the stented 

area. 

1.3.2. Fix ends of stented section cast in 12 mm diameter vial 

using polystyrene 

1.3.3. Scan at:  Scanner – µCT40 

Voltage –  70 kVp 

Current –  113 µA 

Pre-filter –  3 mm Al 

Resolution –  6 µm 

1.4. Save as TIFFs 

 

2. Segmentation 

2.1. In Amira, create network (either High Res – HR, or Low Res – 

LR) 
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2.2. Import TIFF files: 

2.2.1. Select channel 1 

2.2.2. Voxel size: HR=6x6x6 LR = 74x74x74 

2.2.3. Rename files to OVx_LR or OVx_HR or NOx_LR, 

NOx_HR etc. 

2.3. Segmentation process: 

2.3.1. Rename one material to Cast. Create a new material for 

Stent 

2.3.2. Using wand tool, click on cast material 

2.3.3. Threshold to segment (roughly) –lower bound for Stent at 

higher bound for Cast 

2.3.4. Segment stent material first 

2.3.5. Lock stent material before the segmentation of cast 

2.4. Segmentation clean-up (to remove bubbles, etc. – only for HR): 

2.4.1. Remove islands (size roughly 100, fraction 0.25): 

2.4.1.1. Check on one slice 

2.4.1.2. Apply to all slices 

2.4.2. Smoothen labels: 

2.4.2.1. Start with size 3, check on one slice 

2.4.2.2. If strut shapes still rectangular, continue increasing 

size 

2.4.2.3. Repeat until satisfied with strut shape and reduced 

strut grooves bubbles 

2.4.3. Fill holes on one to check, then apply to all slices 

2.4.4. Lasso tool – go slice by slice (with autotrace): 

2.4.4.1. Create area 

2.4.4.2. Move a few slices down 

2.4.4.3. Interpolate 

2.4.4.4. Repeat steps 1-3 for ALL Slices in HR 

2.4.5. Check results, if necessary repeats steps 2.4.1-4. 
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2.5. Strut correction: 

2.5.1. Delete stent material 

2.6. Generate surface – HR: 

2.6.1. Using SurfaceGen tool – without Compactify for HR 

2.6.2. On Surf file, click SurfaceView 

2.6.3. For HR: Navigate inside, measure inter-strut connector 

width (aim for 70 +/- 6 um) 

2.6.4. Adjust threshold for HR until strut size is correct 

2.6.4.1. In-/Decrease threshold range for stent material 

(change higher bound) 

2.6.4.2. Lock stent material 

2.6.4.3. Smooth cast (start with size 3) material until aligned 

with stent material 

2.6.4.4. Repeat steps 2.5-2.6.3 and if necessary 2.6.4 

 

2.6.5. On surface view, measure proximal end diameter (of the 

proximal stent) 

2.6.6. Simplify surface to around 7 million triangle faces per 

stent. 

2.6.7. Save as STL file 

2.7. Generate surface – LR: 

2.7.1. Using SurfaceGen tool 

2.7.2. On Surf file, click SurfaceView 

2.7.3. Measure diameter proximal to (proximal) stent 

2.7.4. Adjust threshold for LR until LR diameter coincides with 

HR diameter +/- 74 um 

2.8. Simplify surfaces HR & LR: 

2.8.1. Decimate: 

2.8.1.1. LR – 50% (final should be about 400k triangles) 
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2.8.1.2. HR – 30% (Final should be about 1.5-2M triangles 

per stent) 

2.9. Save all: 

2.9.1. Networks separately (i.e. one for LR, one for HR) 

2.9.2. Surfaces as STLs 

 

3. Registration, cleaning and export 

3.1. Import STL both surfaces 

3.2. Initial cleaning: 

3.2.1. Relax surface 

3.2.2. Remove spikes 

3.2.3. Quick smooth 

3.2.4. Mesh doctor 

3.2.5. Repeat 1-2 for LR and HR STLs 

3.2.6. Save as .WRP 

3.3. Registration: 

3.3.1. Perform manual registration 

3.3.1.1. LR as Float 

3.3.1.2. HR as Fixed 

3.3.1.3. Choose three points (vertices of stent struts) 

3.3.2. Perform Global registration to refine 

3.3.3. Save all as independent files 

3.4. Cleaning of each independent file: 

3.4.1. Smooth and Relaxing: 

3.4.1.1. Relax the surface to clean the interstrut areas (Use 

high curvature priority to  

preserve stent shapes) 

3.4.2. Side-branch cleaning (LR and HR) – follow protocol1: 

                                                                    
1 Side-branch removal Protocol 
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3.4.2.1. Turn image sideways, use select tool (through all 

and backfaces ON) to select whole  

side-branch and delete elements 

3.4.2.2. Open up underlying stent groves using select tool 

(with backfaces ON) and delete 

3.4.2.3. Join surfaces step by step using fill hole bridges 

3.4.2.4. Fill holes step by step using flat or tangent tool 

3.4.2.5. Defeature, clean and smooth created areas 

3.4.3. Perform a final mesh doctor check before saving 

3.5. Merging LR and HR: 

3.5.1. Import cleaned and registered LR and HR into a new 

Geomagic project 

3.5.2. Cut LR with trim sheet proximal and distal to stent 

3.5.3. Combine LR and HR 

3.5.4. Delete elements at junction and recreate using fill hole (first 

make bridge, then fill hole) 

3.5.5. Defeature merged area 

3.5.6. Save merged 

3.6. Make two copies 

3.7. Recut using into three (or four) sections: 

 Proximal artery 

                                                                                                                                  

 Stented section  – remove all side-branches that originate on or 

immediately proximal or distal to the stented section (or indeed 

between two stents). 

 Proximal to stented section – remove all side-branches whose 

cross-sectional area (measured at 10 mm distal to the bifurcation) 

is less than 10% of the proximal main branch cross-sectional area. 

 Distal to stented section – remove all side-branches whose cross-

sectional area (measured at 10 mm distal to the bifurcation) is less 

than 10% of the main branch cross-sectional area immediately 

distal to the stent. 
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 Stented section (distal and proximal) 

 Distal artery 

3.7.1. Use same value (system plane xy) for each cut (to ensure 

connectivity later) 

3.8. Export each section as an STL file. 

 

4. Meshing 

4.1. Import of geometry (repeat for each section – Merge geometries 

when prompted): 

4.1.1. Import STL– choose STL file options part names from file 

4.1.2. Repair geometry using 2e+001 as build topology tolerance 

4.1.3. Check to make sure only inlet and outlets of each section 

are defined as curves 

4.1.3.1. Delete all other remaining curves 

4.1.3.2. Concatenate each inlet/outlet curve (if recognised as 

multiple curves – in red) 

4.1.4. After all imported save project 

4.2. Create inlet and outlet BCs 

4.2.1. Create surface at inlet and all outlets 

4.3. Mesh generation 

4.3.1. Tetra mesh (Element sizes:) 

4.3.1.1. Inlet/Outlet – 600um 

4.3.1.2. Stented – 8um 

4.3.1.3. Proximal/Distal artery – 250um 

4.3.2. Check mesh 

4.3.3. Check mesh quality 

4.3.4. Smooth mesh (quality factor 0.4) with following options: 

4.3.4.1. Not just 1% 

4.3.4.2. Allow refinement 

4.3.4.3. Allow node merging 
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4.3.5. Check mesh 

4.4. Generate inlet extrusion (Settings:) 

4.4.1. Number of layers - 15 

4.4.2. Ratio - 8*layer 

4.5. Check mesh 

4.6.  Output as ANSYS CFX file 

 

5. CFX-Pre 

5.1. Import CFX file 

5.2. Insert Material 

5.2.1. Basic Settings 

5.2.1.1. Name: Blood 

5.2.1.2. Option: Pure Substance 

5.2.1.3. Material Group: User 

5.2.1.4. Thermodynamic State: Liquid 

5.2.2. Material Properties 

5.2.2.1. Option: General Material 

5.2.2.2. Molar Mass: 18.02 [kg kmol-1] 

5.2.2.3. Density: 1050 [kg m-3] 

5.2.2.4. Dynamic Viscosity: 0.0035 [Pa s] 

5.3. Insert Domain 

5.3.1. Location: Assembly 

5.3.2. Material Blood 

5.4. Set boundaries for inlet/outlets 

5.4.1.  Boundary Details for main branch outlet: Average Static 

Pressure, 0 [Pa] 

5.5. Write solver input file 

 

6. Simulation 

6.1. Run simulation on brutus 
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