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Summary 

Despite various complications reported, flow-diverting (FD) stent implantation has 

become a major mode of treatment for intracranial aneurysms. Review of literature 

suggests that the treatment outcomes are closely associated with the aneurysmal 

haemodynamics changed by the implanted stent. In this thesis, I sought to examine the 

haemodynamic changes following different strategies of FD treatment and provide 

practical solutions to improve the stent’s flow-diversion efficacy. 

As the first accomplishment, I developed in Chapter 3 an automated optimisation 

method to be used to accommodate stent configuration to a specific aneurysm 

geometry. Adopting this method, wire structure of a stent can be modified to alter the 

local haemodynamics towards maximal reduction of the aneurysmal inflow. 

Furthermore, employing a virtual stent deployment technique and computational 

fluid dynamics analysis, I systematically investigated in Chapter 4 and 5 the 

aneurysmal haemodynamics following the flow-diversion treatment with a stent 

compaction technique applied or with dual-FD stents deployed — two of the most 

commonly adopted treatment strategies in the current interventional practice. These 

studies provided quantitative results illustrating stent wire characteristics and the 

subsequent aneurysmal haemodynamic changes in various flow-diversion scenarios. 

Finally, I examined in Chapter 6 the aneurysmal haemodynamics affected by 

incomplete stent expansion (IncSE) — a condition suspected to cause delayed 

aneurysm occlusion, for which various severities of IncSE occurring at different 

segments of the parent artery were modelled and examined. Results suggest that the 

effects of IncSE vary greatly with respect to the location where it occurs. 

Based upon this series of studies, a workflow was put forward to individualise the 

treatment plan corresponding to the haemodynamic characteristics of a specific patient, 

from the patient aneurysm model reconstruction, to computer-aided stent deployment 

rehearsal, and then to the haemodynamic outcome analysis to determine the most 

effective treatment plan prior to the real treatment. An example of implementing this 
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workflow to predict the post-treatment haemodynamics thereby determining the most 

favourable treatment strategy was illustrated in detail in Chapter 7.  

Apart from this useful application, methodologies developed in the thesis, including 

the FD stent modelling technique, the stent structural optimisation method, the 

classification of stent compaction, and the in-house software for stent deployment 

simulation, would certainly contribute to future research and development of FD 

stents and interventional planning. 
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1.1 Intracranial Aneurysms 

Intracranial aneurysms (IAs, see Figure 1-1, also known as brain or cerebral aneurysms, 

are common cerebrovascular disorders where a weakness in the wall of cerebral 

arteries dilates out and finally forms a bulging of the cerebral artery [1–3]. With a 

prevalence between 1 and 5% of the adult population [1,4,5], IAs can be asymptomatic, 

incidentally detected by computed tomography (CT) or magnetic resonance imaging 

(MRI) scans, or be found based on a collection of symptoms, such as severe headache, 

nausea, vomiting, vision impairment, etc. [4,6–8] 

 

Figure 1-1 Intracranial aneurysms observed in rotational angiography (left) and in vivo (right). AN1 
to AN4 in the intraoperative photographs respectively correspond to four aneurysms identified in 

the rotational angiographical images[9]. 

IAs are geometrically classified by size: small, large, and giant aneurysms respectively 

refer to those with diameters of less than 15, 15 to 25, and over 25 mm; and by shape 

— saccular, fusiform, and dissecting aneurysms [1]. IAs can occur in any segment of 
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the cerebral arteries, while the most frequent locations are reported to be the anterior 

communicating artery (30%), the posterior communicating artery (25%), and the 

middle cerebral artery (20%). 

Untreated aneurysms may result in rupture, leading to subarachnoid haemorrhage 

(SAH) that severely threatens the patients’ lives. As reported by published 

retrospective studies, IA-rupture-induced SAH accounts for approximately 5 to 15% 

of stroke, with a 30 days’ mortality rate of 45% and a disability rate of 30% for the 

survivors [10,11]. Although the causes of IA initiation, progression, and rupture 

remain unclear, hypertension, vascular lesion induced by smoking, and adverse local 

haemodynamic changes are believed to be major factors [3]. 

1.2 Flow-Diversion Treatment 

Some IAs can be treated with surgical clipping, in which neurosurgeons open the skull 

of a patient, i.e. a craniotomy, and isolate the aneurysm from the normal parent-artery 

circulation by placing a small clip across the aneurysm neck [7,8,12]. 

In the past decades, minimally invasive endovascular therapies, including stent-

assisted coiling and flow-diverting (FD) stent implantation, have been proposed for 

the treatment of IAs. In the treatment with coils, neuroradiologists insert a flexible 

catheter (at the tip of which tiny coils are concealed) into the bloodstream through the 

femoral artery. When the catheter reaches the aneurysm segment of the parent artery, 

treating clinicians release those tiny coils into the aneurysm lumen to “fill up” the 

aneurysm. [13–17]  

In contrast to treatments that physically clip the aneurysm or fill the aneurysm lumen 

with coils, flow-diversion treatments are intended to “divert”, i.e. to re-direct much of 

the blood flow away, with an FD stent deployed across the aneurysm neck, such that 

most blood does not enter the aneurysm, thereby promoting blood clotting and 

thrombotic occlusion of the aneurysm (Figure 1-2). Prior to the invention and 

application of FD stents, many IAs went untreated, especially fusiform aneurysms, 

aneurysms with wide necks that cannot be coiled, or aneurysms that are hard to access 
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in a craniotomy [18–24]. Meanwhile, the FD stent serves as an alternative treatment for 

aneurysms that cannot be treated or failed to be treated by other approaches. Figure 1-

3 demonstrates the healing process of IAs after treatment with a FD stent.  

 

Figure 1-2: Endovascular treatment of IAs with an FD stent: the deployment procedure for a PED 
FD stent. [25] 

 

Figure 1-3: The healing procedure for IA treatments with a FD stent. A: the no-stent condition, B: 
immediately after FD stent deployment, C: partial occlusion of the aneurysm, and D: complete 

occlusion of the aneurysm. [26] 

A number of manufacturers provide different brands of FD devices on the market — 

the pipeline embolization device (PED, Covidien, Irvine, USA), the Silk/Silk+ FD device 
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(Balt International, Montmorency, France), the Surpass FD (Stryker Neurovascular, 

Fremont, USA), the flow-redirection endoluminal device (FRED, MicroVention, Tustin, 

USA), etc. Figure 1-4 shows the geometries of different brands of FD devices. 

 

Figure 1-4: Three representative brands of FD stent: the PED (top) [25], the Silk+ (middle) [27], 
and the FRED (bottom) [28]. 
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1.3 Fluid Flow Simulation 

It has been decades since computational fluid dynamics (CFD) simulation was first 

applied to the study of aneurysmal haemodynamics [29–41]. As a subfield of fluid 

mechanics based on numerical analysis and data structures, CFD can be used to resolve 

the intra-aneurysmal flow patterns qualitatively and quantitatively. The application of 

CFD seeks to help analyse the correlation between fluid mechanics and vascular wall 

biology, which is thought to be an important factor related to the central pathogenesis 

of aneurysm growth and rupture [37,42].  

With the improvement of medical imaging accuracy, the geometries of the human 

vascular system, such as the shape of an IA with its parent artery, can be accurately 

reconstructed from anatomical images, which has promoted CFD simulations in the 

study of IAs.  

For simulations of blood flow in large arteries, most CFD studies model the blood as 

an incompressible Newtonian fluid, in which the fluid is treated as continuous; thus, 

the three-dimensional Navier–Stokes equations can be discretised with a variety of 

methods, e.g. finite volume method (FVM), finite element method (FEM), finite 

difference method (FDM), etc. Recently, a mesoscopic method — the lattice Boltzmann 

method (LBM), which uses a discrete Boltzmann equation to solve the flow with 

collision models — has also been implemented [43].  

Other sophisticated approaches have also been reported recently [44], which are 

believed to be able to more accurately approximate the blood flow: e.g. blood flow 

being simulated as a non-Newtonian fluid; CFD simulation being performed with a 

fluid–structure interaction (FSI) model, etc. Nevertheless, the imposition of high 

computational cost and the lack of knowledge about the vascular elasticity, thickness, 

etc. means that those approaches remain challenging. 
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1.4 Literature Review 

With the aid of CFD simulations, various research has been presented in regard to the 

exploration of aneurysm initiation, progression, risk of rupture, and endovascular 

treatments. 

1.4.1 Haemodynamic simulation of flow in the Circle of Willis 

CFD simulations of blood flow in the Circle of Willis (CoW) were first performed to 

investigate the possible pathogeneses from the viewpoint of arterial haemodynamics. 

Alnaes et al. [44] reported that redistribution of wall pressure and wall shear stress 

(WSS) can be induced by anatomical deviations of brain arteries. To explore the 

correlation between the WSS changes and aneurysm initiation, Bammer et al. [45] and 

Wetzel et al. [46] found that arterial WSS distribution at the most common locations, 

especially the arterial bifurcations where IAs initiate and progress, have zones of either 

increased or decreased WSS. This phenomenon may be caused by flow swirling, also 

known as the “secondary flows”, induced by the curvature of cerebral arteries. 

1.4.2 CFD simulation of aneurysmal haemodynamics 

CFD studies of intra-aneurysmal circulation elucidate the flow patterns in which blood 

enters, circulates, and exits a variety of aneurysms of different morphologies [29,42,47–

53]. The intra-aneurysmal flow circulations can be simple, with only a single 

recirculation zone or a single vortex structure existing within the aneurysm lumen; on 

the flip side, the circulations can also be complex, with recirculation regions that are 

unstable or become intermittent during a cardiac cycle [42,54,55]. Moreover, following 

from the structure of the aneurysm parent artery, strong aneurysm inflow jets can be 

induced. Studies confirmed that impingement of those inflow jets against the 

aneurysm wall can induce locally elevated pressure and WSS. 
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1.4.3 Haemodynamic parameters proposed for examining the IA flow 

Numerous haemodynamic parameters have been calculated from CFD simulations to 

understand the mechanism of IA rupture and occlusion; they are WSS-related 

parameters (e.g. the maximum intra-aneurysmal WSS, low WSS area, WSS gradient), 

oscillatory shear index (OSI), residence time (RT), energy loss (EL), etc. [34,56–61]. For 

IA rupture, despite the fact that IA morphological parameters (i.e. notably the aspect 

ratio) are conventionally accepted as the primary indicator, WSS distribution, OSI, and 

number of vortexes were also reported to be associated with rupture [54,62–65]. 

Recently, a concept of EL, referring to the energy difference of the flowing fluid 

between entering and exiting an aneurysm, was put forward as a strong indicator of 

aneurysm rupture [31,36,66,67]. Furthermore, to predict a short-term aneurysm 

occlusion, many parameters were put forward, including the average or maximum 

intra-aneurysmal velocity (AAV/MAV), and intra-aneurysmal mass flowrate (MF) 

[56,68–73]. 

1.4.4 Modelling of endovascular treatment for IAs 

Methodologies for modelling the process of FD treatment have also been studied in 

the past decade. There are two main elements of study: deployment, and flow 

diversion after deployment. Appanaboyina et al. [74] and Larrabide et al. [75] 

developed a virtual FD deployment technique using a deformable shape model, which 

realised the geometrical deployment of FD-like devices. Employing a finite-element 

method, Bernardini et al. [76] also realised the simulation of virtual FD deployment. 

Ma et al. [77–80] reported a virtual treatment technique, “HiFiVS”, to model the FD 

deployment procedure, and confirmed its good validity by comparing the wire 

structure to that deployed in vitro. To expedite the virtual deployment simulation, 

Janiga et al. [81] proposed a free-deformation method, and Peach et al. [82–84] 

introduced a spring–mass model to the virtual stenting simulation. 
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1.4.5 Optimisation studies in relation to FD treatment 

On the basis of those computational techniques, applying CFD simulation to the 

optimisation of FD treatment has been pursued by many groups. The optimisation of 

FD treatment generally consists of two aspects — the optimal design of FD devices and 

the optimisation of treatment strategies.  

Prior studies have attempted to investigate the effect of stent strut positions on flow-

diversion efficacy [68,70,73,85]. Although some of those studies were performed based 

on a two-dimensional analysis, the concept of a bundle of inflow (BOI) has been 

established to correlate an efficient stent design with the AAV achieved post-treatment. 

Anzai et al. [70] suggests that the disruption of the BOI may markedly reduce the AAV 

according to an optimisation procedure performed on several idealised aneurysm 

geometries. Moreover, Lee et al. [85] confirmed the importance of device porosity and 

pore-density in reducing the aneurysmal inflow. In these studies, optimisation 

approaches, such as simulated annealing (SA) and the exploration of design space, 

started to show their benefits in a favourable stent structure design.  

Besides optimisations applied to stent structure design, optimisation of treatment 

procedure was also proposed to assist neuroradiologists in treatments using the 

current commercially available stents. Janiga et al. [72] reported an automated CFD-

based optimisation principle, aiming at finding a deployment scheme that could 

maximally block the aneurysmal inflow. Xiang et al. [80] compared the haemodynamic 

changes between treatments performed in a conventional way and with a dynamic 

‘push-and-pull’ technique applied. These studies indicate the benefits of examining 

haemodynamic alterations prior to the real treatment in determining a favourable 

treatment plan.  
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1.5 Research Objectives 

1.5.1 Existing problems 

Review of a wider literature suggests that several problems exist in the design and 

deployment of FD stents. Those problems could plausibly be classified into the 

following four categories. 

1.5.1.1 Complications related to inadequate flow diversion. 

Inadequate flow diversion accounts for most treatment failures, including notably 

incomplete aneurysm occlusion and post-treatment aneurysm rupture [30]. A 

successful FD treatment depends heavily upon a sufficient ‘re-direction’ of aneurysmal 

inflow, such that blood clotting inside an aneurysm could be promoted.  

In contrast to a favourable modification of aneurysm haemodynamics, FD stents could 

often produce adverse haemodynamic changes, such as a rather stronger aneurysmal 

inflow and an elevated pressure within the aneurysm sac, causing treatment failure 

[54]. 

1.5.1.2 Complications related to unsuitable device selection and deployment. 

Size mismatch between the FD device and its recipient artery, together with the 

morphological alteration affected by deployment strategy (e.g. stent compaction, etc.), 

can result in tragedy [55,86,87]. For instance, deployment of an under-sized device may 

cause post-treatment stent migration; aggressively compacting an FD stent may push 

the stent wires into the aneurysm lumen, causing aneurysm rupture [88]. Furthermore, 

even if stents are ideally deployed, considerable flow-diversion difference exists 

between treatments using various stent diameters, which can affect the flow-diversion 

efficacy by up to 50 %, as reported by Mut et al. [87] 

1.5.1.3 Complications related to bio-reactions against the implanted device. 

The exposure of a FD stent’s metal surface can induce the proliferation of endothelial 

and smooth muscle cells on the stent surface, which may result in post-treatment in-

stent stenosis [89–93]. The stent wire, regardless of its material, acts as a foreign body 
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that induces inflammatory reactions including platelet adhesion, activation, and 

aggregation [94–98]. Nevertheless, the flow-diversion efficacy of current FD stents 

relies heavily on a dense wire configuration. It is therefore a paradox for manufacturers 

to pursue high flow diversion whilst protecting against stenosis. 

1.5.1.4 Other complications. 

Other complications accompany FD stent implantation, including notably perforator 

artery occlusion, FD-implantation-induced vascular endothelial injury, etc., due to the 

nature of this treatment mode [99–102].  

1.5.2 Objectives  

Those imperfections of flow-diversion treatment indicate the necessity of a 

comprehensive study of FD stent design and treatment planning. To meet this need, 

important contributions can plausibly be made in the following two aspects. 

1.5.2.1 Design optimisation of FD stent structures 

First, despite that manufacturers provide a range of FD stents with different 

combinations of diameter and length, those stents available on the market are still 

made of uniform wire configurations. As patients may react differently to the local 

haemodynamic changes caused by the implanted device, treatment outcomes may 

therefore vary from one to another. To resolve this issue, designing stent wire 

structures that are tailored to the stent recipient may lead to a better overall treatment 

outcome as flow-diversion efficacy of the specifically designed FD stent can be 

maximised. 

1.5.2.2 Treatment rehearsal of all prospective treatment strategies 

Furthermore, various strategies and manoeuvres (e.g. multi-FD stent implantation and 

stent deployment with compaction) have been practised in the delivery and 

deployment procedure of FD stents. Along with the factor of stent size, the impacts of 

those treatment strategies on aneurysmal haemodynamic outcomes remain unknown 

prior to a specific treatment. A treatment rehearsal that surveys the proposed 
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treatment strategy may aid in identifying the best solution, as well as in providing a 

better comparison of benefit of treatment versus no treatment. 

In this thesis, applying numerical methods, I seek to improve the individualised FD 

stent design and deployment procedure that would contribute to a favourable 

treatment outcome. Specifically, four main topics were particularly focused on: 1) the 

development of a method for stent structural optimisation; 2) haemodynamic 

simulations of FD treatment with stent compaction technique applied; 3) 

haemodynamic simulations of FD treatment with dual-FD stents implanted; and 4) 

investigating the effects of incomplete FD stent expansion on aneurysmal 

haemodynamics. 

1.6 Thesis Contents 

The contents of this thesis are outlined as follows: 

• Chapter 1: an introduction of this study’s background, a wide literature 

review of relevant published studies, followed by the proposal of this thesis’s 

research objectives; 

• Chapter 2: introductions of the materials and general numerical methods to 

be implemented in the following Chapters; 

• Chapter 3: a structural optimisation study of patient-specific stent design by 

lattice–Boltzmann simulation and simulated annealing procedure in 

idealised and realistic aneurysm models; 

• Chapter 4: a haemodynamic study of flow-diversion treatment with 

compaction technique applied to FD stents of different diameters in 

successfully and unsuccessfully treated aneurysms; 

• Chapter 5: a haemodynamic study of flow-diversion treatment with multiple 

FD stents of different diameters deployed in successfully and unsuccessfully 

treated aneurysms; 
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• Chapter 6: an investigation of aneurysmal haemodynamics affected by 

incomplete stent expansion of different levels of severities occurring at 

different segments of the parent artery; 

• Chapter 7: a comparison between different treatment strategies and the 

discussion of a treatment individualisation attempt via reviewing a set of 

prospective treatment plans; and 

• Chapter 8: a conclusion of this study and an outlook for future works beyond 

this thesis. 

 





 

 

 

  

Materials and Methods 
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2.1 Aneurysm Model Geometries 

2.1.1 Idealised aneurysm geometries 

Two idealised aneurysm geometries (Figure 2-1) were employed in Chapter 3: one is a 

‘straight’ model (S model), in which a saccular aneurysm (represented by a sphere) 

was initiated from a straight vessel (represented by a straight tube); the other is a 

‘curved’ model (C model), in which the same ‘sphere’ saccular aneurysm is connected 

to a curved vessel (represented by a curved tube). Both aneurysm geometries were 

adopted from earlier published papers [49,55] and were constructed using 

Pro/ENGINEER (Wildfire 5.0, PTC, USA). 

 

Figure 2-1: Idealised and realistic aneurysm models used in Chapter 3. A: the straight idealised 
model (S model), B: the curved idealised model (C model), and C: the realistic model (R model). 

For both aneurysm models, the diameter of the aneurysm sac (D) is 4.8 mm, the 

diameter of the aneurysm neck (N) is 2.8 mm, and the arterial diameter (d1) was 3.5 

mm. The curvature radius (r) of the C model is 6.0 mm. These parameters were 

determined based upon the statistics reported in IA morphology studies [49]. 

2.1.2 From medical images to the 3D aneurysm models 

Two-dimensional (2D) sliced medical images, e.g. DSA or CTA grey scale maps in 

DICOM format, etc. can be reconstructed into three-dimensional (3D) models using 

either commercial or open-source image processing packages, e.g. MIMICS 

(Materialise, Belgium) and VMTK [103]. This process is called 3D reconstruction, a 
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subject of computer vision and computer graphics, which captures the shape and 

appearance of a real object from its multiple 2D scans. The 3D IA models used in this 

thesis were reconstructed based upon a ‘contour interpolation’ strategy to generate 2D 

contours from greyscale values of pixels, with the 3D geometry segmented by 

interpolation of those 3D contours in the normal direction. This method is reported to 

be able to prevent the surface noise intrusion [104]. 

2.1.3 Realistic aneurysm geometries 

Three realistic aneurysm models from patient medical scans were employed in this 

study. The first model is an ICA aneurysm that has been comprehensively studied in 

several published papers [38,59]. This aneurysm (referred to hereinafter as the ‘R 

model’) has an inlet diameter (d2) of 3.8 mm, as shown in Figure 2-1.  

The other two aneurysms were collected from the Neuroradiology Department at 

Monash Medical Centre (Melbourne, Australia), after proper institutional ethics 

approval was obtained. These two aneurysms were clinically observed and categorised 

respectively as a successfully treated case and an unsuccessfully treated one with the 

Silk+ stents (Refer to Section 2.2.2 for detailed information). Complete aneurysm 

occlusion at the 6 months’ follow-up was set as the benchmark for a ‘successful’ 

treatment. 

 

Figure 2-2: The geometry of the successfully treated patient aneurysm. (Figures on the left and on 
the right are the model visualised from different camera angles.) 

For the successful case (Figure 2-2), CTA taken 6 months after treatment confirmed a 

complete occlusion of the aneurysm, whereas a large aneurysm lobule was found by 

CTA at the 6 months’ time point for the unsuccessful case (Figure 2-3). In a second 
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treatment, an additional Silk+ stent was then deployed; however, CTA taken 6 months 

after the second treatment still revealed the continued existence of a residual aneurysm. 

The parent artery diameters ranged from 2.6 to 5.6 mm in the successful case, and from 

2.2 to 6.2 mm in the unsuccessful case (Figure 2-4). 

 

Figure 2-3: The geometry of the unsuccessfully treated patient aneurysm. (Figures on the left and 
on the right are the model visualised from different camera angles.) 

 

Figure 2-4: The maximum inscribed sphere radius with respect to the points along the centrelines 
of the successful case (left) and the unsuccessful case (right). 
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2.2 Flow-diverting Stents 

Many brands of FD stent are available on the market, which mainly include the 

pipeline embolization device (Pipeline, Covidien, Irvine, USA), the Silk+ FD device (Balt 

International, Montmorency, France), the Surpass FD (Stryker Neurovascular, Fremont, 

USA), and the flow-redirection endoluminal device (FRED, MicroVention, Tustin, 

USA) 

2.2.1 Pipeline Embolization Device 

A Pipeline stent (see Figure 2-5) intervention is indicated for the endovascular 

treatment of adults with large or giant wide-necked IAs in the ICA from the petrous to 

the superior hypophyseal segments. The device is composed of 48 braided strands, 

which are made from a combination of 75% cobalt chromium and 25% platinum 

tungsten, and a soft low-profile distal tip for flexible conformability. The manufacturer 

provides Pipeline stents with different stent diameters (ranging from 2.5 to 5.0 mm with 

an increment interval of 0.25 mm) and lengths (ranging from 10 to 35 mm). When the 

crimped device reaches its nominal diameter, the metal coverage ratio (MCR) should 

be a value between 30% and 35%. In addition, this device is fully re-sheathable and can 

be positioned and redeployed up to two times [105]. 

 

 Figure 2-5: Schematic of the commercially available packaging of the Pipeline stent. [25] 
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2.2.2 Silk stent 

The Silk+ FD stents (see Figure 2-6) are also high-density braided stents for the 

treatment of IAs, which have an increased radial force of 15%, compared to the original 

Silk stents, for facilitating the deployment and vessel wall apposition in challenging 

anatomies. The Silk+ was designed with higher radio-opacity for an increased visibility 

during and after deployment through 4 radio-opaque markers that run along the entire 

body of the stent, and 6 extra smaller platinum wires to enable the visualisation of the 

stent bodies. The manufacturer provides a set of stent sizes, with the stent diameter 

ranging from 2.0 to 5.5 mm, and the length from 15 to 40 mm. A unique feature of the 

Silk+ stent is that ‘tapered’ stents are provided on the market for those aneurysms with 

a big size mismatch between the proximal and distal landing zones. The Silk+ is re-

sheathable and re-positionable before 90% of the crimped stent length has been 

deployed. 

 

Figure 2-6: (Top) The commercially available Silk+ stent. (Bottom) Schematic of the tapered Silk+ 
stent with different diameters designed for the distal landing zone (LD) and the proximal landing 

zone (LP). [27] 
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2.2.3 Flow-Redirection Endoluminal Device 

The FRED system (see Figure 2-7) is claimed to be next generation flow diversion 

device intended for the treatment of IAs. The FRED is a capaired, integrated dual-layer 

(stent-within-a-stent) self-expanding Nitinol braided design simultaneously deployed 

by a single-operator micro-catheter. The higher radial force outer stent (16 wires), and 

the low porosity, high metal surface area inner stent (48 wires with a MCR between 

22% and 44%), unite to provide the ease of use, enhanced stent opening, improved 

vessel apposition and fluoroscopic visibility. The FRED system is reported to offer 

additional benefits over first generation flow diversion devices, by its ability to be 

partially deployed, retrieved and accurately repositioned or redeployed, without the 

need for a torque device. The manufacturer provides devices with fully opened 

diameters ranging from 2.5 mm to 5.5 mm, and total lengths between 7 and 38 mm. 

 

Figure 2-7: (Top) The commercially available packaging of the FRED system. (Bottom) 
Configuration of the outer and the inner stent layers. [28] 
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2.2.4 Other endovascular devices 

Other FD stents, including notably the Surpass FD stent, have also been invented and 

introduced to the market. They are all made from braided metal wires, with different 

combinations of number of wires, thickness of wire, number of layers, etc. 

2.3 Virtual Stent Deployment 

To simulate the FD stent deployment procedure, a recently reported and validated 

algorithm, namely the spring–mass analogue, was adopted for its reasonable 

computational load and acceptable validity of simulation results [82–84,106–108]. 

2.3.1 Spring–mass analogue 

The adopted spring–mass analogue was based on a set of simplifications: 

1) FD strut wires were approximated by centrelines without an explicit thickness; 

2) a FD wire intersection (node) was approximated by a mass point, which was 

fictitiously connected to its neighbours by springs; 

3) the stiffness of each spring was associated with the length and thickness of the 

represented wire strut. 

In this manner, a FD stent can be represented by a collection of springs and mass points; 

the structure of a FD stent and the internal forces acting inside the FD stent could 

therefore be mathematically represented and measured. 

2.3.2 Modelling the restoring forces acting inside a FD stent  

In the spring–mass system, interactions between mass points (nodes) can be calculated 

following Hooke’s law: 

𝐹𝑖 = ∑ 𝑘𝑖𝑗(𝛿𝑗 − 𝛿𝑖)

𝑛𝑖

𝑗=1

,                                                      (2 − 1) 
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in which 𝐹𝑖  denotes the restoring force imposed on node 𝑖 by its directly connected 

neighbour nodes;  𝛿𝑖 denotes the displacement of node 𝑖; 𝑘𝑖𝑗 stands for the stiffness of 

the fictitious spring connecting node 𝑖 and its neighbour 𝑗, which was determined as 

2.09 × 103 Nm-1 [84] in the present study; and 𝑛𝑖  is the number of nodes directly 

connected to node 𝑖. 

2.3.3 Simulation of virtual stent deployment 

I assumed that a FD stent was initially crimped in alignment with the centreline of the 

parent artery, and then expanded to its load-free status, driven by the restoring forces 

acting internally and controlled by a contact detection algorithm which keeps the nodal 

movements a chosen distance away from the arterial wall. I assumed that a fully 

expanded status was reached when there was almost no change in the FD nodal 

coordinates. Finally, a FD model was obtained from the nodal information by 

sweeping a circular cross-section through the centreline of each wire using Paraview 

[109].  

The virtual stent deployment pseudocode [107] adopted in the thesis is as follows:  

1. Initialisation of stent node displacement by subtracting the load-free 

coordinates of FD stent nodes from the current crimped coordinates. For a stent 

node 𝑣𝑖 = (𝑥𝑖, 𝑦𝑖,, 𝑧𝑖)
′
, the initial crimping delta 𝛿𝑖

cr is calculated by: 

𝛿𝑖
cr =  (

𝛿𝑥𝑖
cr

𝛿𝑦𝑖
cr

𝛿𝑧𝑖
cr

) = (

𝑥𝑖
cr

𝑦𝑖
cr

𝑧𝑖
cr

) − (

𝑥𝑖
lf

𝑦𝑖
lf

𝑧𝑖
lf

)                                      (2 − 2) 

2. Iteration until there is almost no change in expansion delta: 

a. Calculation of restoring force 𝐹𝑖 for each node according to 

𝐹𝑖 = ∑ 𝑘𝑖𝑗(𝛿𝑗
cr − 𝛿𝑖

cr)

𝑛𝑖

𝑗=1

                                             (2 − 3) 

b. Calculation of expansion delta 𝛿𝑖
exp

 for each node 𝑖  from force and 

nodal stiffness: 
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𝛿𝑖
exp

=  −
𝐹𝑖

∑ 𝑘𝑖𝑗
𝑛𝑖
𝑗=1

                                                  (2 − 4) 

c. Check the nodal coordinates after expansion 𝛿𝑖
exp

, to see if the node 

would still be within the vascular boundary (i.e. contact detection). 

d. Update the nodal coordinates for those that passed the contact detection: 

(

𝑥𝑖
cr

𝑦𝑖
cr

𝑧𝑖
cr

) = (

𝑥𝑖
cr

𝑦𝑖
cr

𝑧𝑖
cr

) + (

𝛿𝑥𝑖

exp

𝛿𝑦𝑖

exp

𝛿𝑧𝑖

exp

)                                        (2 − 5) 

e. Update crimping delta values 𝛿𝑖
cr by adding expansion displacement 

𝛿𝑥𝑖

exp
 to the previous 𝛿𝑖

cr: 

𝛿𝑖
cr = (

𝛿𝑥𝑖
cr

𝛿𝑦𝑖
cr

𝛿𝑧𝑖
cr

) = (

𝛿𝑥𝑖
cr

𝛿𝑦𝑖
cr

𝛿𝑧𝑖
cr

) + (

𝛿𝑥𝑖

exp

𝛿𝑦𝑖

exp

𝛿𝑧𝑖

exp

)                                  (2 − 6) 

3. Generation of FD stent structure using Paraview. 

2.4 Haemodynamic Simulation 

Haemodynamic simulations were performed for this thesis to resolve the aneurysmal 

blood flow behaviours using computational fluid dynamics (CFD) methods. 

2.4.1 Computational grid generation 

In CFD simulations, computational grid generation is always a troublesome procedure, 

because it drastically affects the validity of simulation results. Computation grid 

generation is the practice of generating a polygonal or polyhedral mesh that 

approximates a geometric domain. The term “mesh generation” is used 

interchangeably. The computational grids are mainly classified into three categories: 1) 

structured grids, which are identified by regular connectivity, e.g. Cartesian grids, 

rectilinear grids, etc.; 2) unstructured grids, which are identified by irregular 

connectivity, e.g. computational grids made of tetrahedra, pyramids, prisms, 
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hexahedra, etc.; and 3) hybrid grids, which contain a mixture of structured portions 

and unstructured portions.  

The computational grids generated in Chapter 3 were Cartesian grids that could be 

coupled with the subsequent lattice Boltzmann simulation, due to the consideration of 

a huge computational load. The computational grids generated in Chapter 4, 5, and 6 

were tetrahedral grids, to better describe the geometries of FD stents after deployment. 

2.4.2 Computational fluid dynamics methods 

2.4.2.1 Lattice-Boltzmann method 

The lattice Boltzmann method (LBM) is a modern CFD approach which is often used 

to solve the incompressible, time-dependent Navier–Stokes equations. It is reported to 

be capable of easily representing complex physical phenomena, e.g. multiphase flows, 

and chemical interactions between the fluid and the surroundings [110–118]. 

LBM is a mesoscopic approach in which fluid is described in terms of the density 

distribution 𝑓𝑖(𝑟, 𝑡) of idealized fluid particles moving and colliding on a regular lattice. 

These collision–propagation dynamics can be written as 

𝑓𝑖(𝑟 + 𝑣𝑖∆𝑡, 𝑡 + ∆𝑡) = 𝑓𝑖(𝑟, 𝑡)  +  
1

𝜏
(𝑓𝑖

eq
− 𝑓𝑖),                             (2 − 2) 

where 𝑓eq and 𝜏 are known as the local equilibrium distribution and relaxation time, 

respectively. 

I adopted LBM as the CFD solver in Chapter 3, owing to the following advantages of 

LBM: primarily, the data pre-processing and computational grid generation can be 

automated in a time that accounts for a small fraction of the total simulation; secondly, 

the numerical simulation could be executed well in parallel, which enables the 

simulated annealing (SA) procedure (refer to Section 3.2.4) to process a thousand steps 

of CFD results. 

2.4.2.2 Finite volume method 

The finite volume method (FVM) is a method for the representation and evaluation of 

partial differential equations (PDE) in the form of algebraic equations [119,120]. Similar 
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to other discretisation methods, including notably the finite difference method (FDM) 

and the finite element method (FEM), numerical values are calculated for the elements 

on the discrete computational grids. In the FVM, volume integrals in a PDE that 

contain a divergence term are converted to surface integrals, using the divergence 

theorem. These terms are then evaluated as fluxes at the surfaces of each finite volume, 

which refers to the small volume surrounding each node on the computational grids. 

Because the flux entering a given volume is identical to that leaving the adjacent 

volume, these methods are conservative. FVM is also easily formulated to allow for 

unstructured meshes, which has been integrated into many CFD simulation packages, 

including notably the ANSYS package (Canonsburg, USA). 

The application of the FVM is to solve the Navier–Stokes equations, which describes 

the motion of viscous fluid substances. The general form of the steady state Navier–

Stokes equation is  

𝜌𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
 =  −

𝜕𝑃

𝜕𝑥𝑖
+  

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)] ,                             (2 − 3) 

where 𝜌 represents the density, P is the static pressure, 𝑢𝑖,𝑗 are velocity components 

and 𝜇 is the dynamic viscosity. 

The CFD simulations in Chapters 4, 5, and 6 were performed using the CFX solver in 

the ANSYS packages. 

 



 

 

 

  

Structural Optimisation of 
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3.1 Objective 

In the FD treatment of IAs, high flow-diversion efficacy is desired to accelerate 

thrombotic occlusion of the aneurysm. However, a risk of post-stenting stenosis is 

posed when flow diversion is pursued through FD design by a simple decrease of 

device porosity. A possible way to improve flow diversion, whilst keeping the device 

porosity at a high level, may be an individually designed FD stent with its wire 

structure tailored to accommodate a patient aneurysm. 

The conventional FD stents, such as the PED and the Silk+, are all constructed from 

homogeneous helical metal filaments. In spite of attempts being made to improve the 

flow-diversion efficacy by optimisation [70,73,85], a feasible approach that can be 

applied to the manufacturing procedure has not yet been reported for FD stents 

braided from helical filaments. 

In this Chapter, I try to meet this need by demonstrating an automated optimisation 

procedure performed on the conventional helical FD stents. At first, the FD stent and 

patient aneurysm models were constructed; and then a random modification strategy 

was designed, and a CFD-simulation-based simulated annealing procedure was 

employed to control the random modification progressing towards an optimal 

solution. Finally, this optimisation approach was applied to three different aneurysms 

to investigate the stent structures and aneurysm haemodynamics before and after 

optimisation. 

3.2 Methods 

Figure 3-1 demonstrates the workflow of the proposed optimisation procedure, which 

mainly comprises the reconstruction of IA geometry, the modelling of FD stents, the 

strategy of random modification, the technique of CFD simulation, and the process of 

simulated annealing. 
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3.2.1 Aneurysm geometries  

Aneurysmal local haemodynamics is sensitive to the morphology of the parent artery. 

To investigate the effectiveness of the proposed optimisation strategy under different 

haemodynamic conditions, I employed three aneurysm models — an idealised straight 

model (S), an idealised curved model (C), and a realistic aneurysm model (R) located 

at the internal carotid artery (ICA). The detailed descriptions and information about 

these three models can be found in Chapter 2.1. 

 

Figure 3-1: Schematic of the proposed optimisation procedure. 
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3.2.2 FD stent model 

FD stents available on the market comprise clockwise and anti-clockwise woven wires 

with uniform starting phase arrangements. The starting phase of a wire filament refers 

to the location, corresponding to the centreline point of the FD stent’s proximal or 

distal end, where the filament starts to be braided from (see Figure 3-2).  

 

Figure 3-2: From clockwise and anti-clockwise helix filaments to an FD stent. 

I therefore constructed the stent’s mathematical description as a set of helices, using 

equations: 

Clockwise:  {

 𝑥 = [𝑅 + 𝑟 ∙ sin(𝜔𝛼 + 𝜃𝑛)] ∙ cos(𝜔𝛽)

 𝑦 = [𝑅 + 𝑟 ∙ sin(𝜔𝛼 + 𝜃𝑛)] ∙ sin(𝜔𝛽)

𝑧 = 𝑟 ∙ cos(𝜔𝛼 + 𝜃𝑛)

                  (3 − 1) 

Anti-clockwise ∶   {

 𝑥 = [𝑅 + 𝑟 ∙ cos(𝜔𝛼 + 𝜃𝑚)] ∙ cos(𝜔𝛽)

 𝑦 = [𝑅 + 𝑟 ∙ cos(𝜔𝛼 + 𝜃𝑚)] ∙ sin(𝜔𝛽)

𝑧 = 𝑟 ∙ sin(𝜔𝛼 + 𝜃𝑚)

                 (3 − 2) 

where 𝑟 is the maximal inscribed sphere radius (MISR) for the represented point along 

the helix, and 𝑅 is the curvature radius of the aneurysmal parent artery centreline at 

the corresponding point; 𝜔𝛼 and 𝜔𝛽 are parameters respectively associated with the 

length and pitch of a helix; and 𝜃𝑛 or 𝜃𝑚 indicates the starting phase of a clockwise or 

anti-clockwise helix. The MISR and curvature radius varied with respect to the discrete 

points along the centreline of the parent artery. The coordinates of these discrete points 

and their corresponding MISRs were measured using the vascular modelling toolkit 

(VMTK version 1.2). 

Considering the huge imposition of computational cost in the following CFD-based 

random modification, the test FD stent was assumed to consist of 8 wires: 4 clockwise 
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and 4 anti-clockwise. The initial stent has a uniform wire configuration and the starting 

phases of stent wires (as in Figure 3-2) are defined as 

 𝜃𝑛 = 2(𝑛 − 1) ∙
𝜋

4
   and                                              (3 − 3) 

  𝜃𝑚 = 2 (𝑚 −
1

2
) ∙

𝜋

4
,                                                   (3 − 4) 

where 𝑛 or 𝑚 ∈ (1, 2, 3, 4) indicates the sequence of either the four clockwise (𝑛) or the 

four anti-clockwise (𝑚) helical subsets. 

3.2.3 Random modification of FD stent structure 

A slight alteration of a helix’s starting phase can result in a longitudinal displacement 

of the helix; the shape of this helix can be maintained during the displacement 

procedure (see Figure 3-3 for a demonstration). In order to keep the FD stent porosity 

unchanged, the starting phases of FD stent wires were therefore adopted to be the 

objects of optimisation. 

In one step of random modification, a helix was arbitrarily chosen, and a stochastic 

variable 

∆𝜃 ∈ (−
𝜋

8
,

𝜋

8
)                                                        (3 − 5)  

was then added to the starting phase 𝜃 (either 𝜃𝑛 or 𝜃𝑚) of the selected helix: 

𝜃current = 𝜃previous  +   ∆𝜃                                         (3 − 6) 

In this manner, the modification resulted in an axial displacement of the arbitrarily 

selected helix along the centreline of the parent artery, whereas the device porosity 

remained unchanged. 

3.2.4 Simulated annealing 

A simulated annealing (SA) procedure was employed to lead the random 

modifications to progress towards the optimal solution. The SA procedure is a 

probabilistic technique for the approximation of the global optimum of a given 
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function, e.g. the intra-aneurysmal average velocity (AAV) as determined in the 

present study, which involves the evaluation of states of the so-called neighbours, i.e. 

the FD wires’ structure after one-stage random modification in this study. 

 

Figure 3-3: Demonstration of starting phase changes resulting in longitudinal displacements of a 
helix. 

At each step of SA, some neighbouring states, i.e. a set of FD stent structures post 

random modification, of the current state, i.e. the FD stent structure based on which 

random modifications were performed, were considered, and then whether the 

“system” would move to one of the neighbouring states or stay in the current state was 

decided by a probability. The probabilities would lead the system to tend to move to 

states of lower energy, which would usually be repeated until the system reaches a 

state that is good enough for the application, or until a given computational budget 

has been exhausted.  

Table 3-1: Initial temperatures and lower temperature limits for respectively the S, C, and R models. 

 S model C model R model 

Initial Temperature 6.02 × 10−5 1.27 × 10−4 1.01 × 10−3 

Lower Temperature Limit 1.08 × 10−7 2.28 × 10−7 1.81 × 10−6 

 

In the present study, the optimisation began with the homogeneous FD stent structure, 

with an initial temperature assigned, and was completed when the lower temperature 

limit was reached. The initial and the lower temperature limits were determined for a 

specific case following this strategy: 1) at first, one hundred random modifications 

were performed without the control of the SA algorithm; 2) based on the random 

modification results, the mean alteration of the objective parameter was then 

calculated to assign the initial temperature an acceptance probability of 0.5; and 3) the 

SA procedure was assumed to involve 60 decrements and each decrement has a 
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decreasing ratio of 90 %, compared to the temperature of the previous state. Following 

this strategy, the initial temperatures and the lower temperature limits for respectively 

the S, C, and R model were calculated as shown in Table 3-1.  

3.2.5 Haemodynamic simulation 

After each step of random modification, a CFD analysis was performed to measure the 

change in the objective function(s). Considering that the SA procedure can take up to 

one thousand steps of random modification, the computational cost of the following 

CFD simulation becomes a troublesome issue, especially when dealing with models 

described by a large amount of computational meshes, e.g. a realistic aneurysm 

geometry.  

An automated open-source LBM library, Palabos (version 1.4) [121] was adopted, for 

its good flexibility and readiness for parallelisation. Because CFD simulation with 

Palabos requires a Cartesian mesh, manual computational grid generation was then 

avoided, which contributed to the complete automation of the entire optimisation 

procedure. A standard D3Q19 lattice topology was employed to describe the fluid 

lattices within the fluid domain. A spatial discretisation of 0.05 mm was determined, 

after a mesh dependency test was carried out, in which no obvious distinctions of intra-

aneurysmal average velocity and flow patterns were found after the lattice grid 

resolution was doubled. With these parameters assigned, the number of fluid cells for 

the respective S, C, and R models were 3.57 ×  106, 3.01 ×  106, and 4.06 × 106. 

The blood was assumed to be an incompressible Newtonian fluid, with density and 

kinematic viscosity set as 1040 kg/m3 and 4.0 × 10−6 m2/s. A bounce-back rule was 

implemented to impose a no-slip wall boundary, as well as to define the FD stent 

models. Inlet velocities of 0.23 m/s, 0.23 m/s, and 0.21 m/s were defined as parabolic 

profiles for respectively the S, C, and R models; a constant 0 Pa pressure boundary was 

imposed at all outlets. With these settings, the kinetic viscosity of the lattice (𝜈LB) was 

chosen as 0.012, giving a relaxation time 𝜏 of (6𝜈LB  +  1)/2 = 0.536. The convergence 

was assumed to be reached when the change in the average energy of fluid cells was 

less than 10−6 kg ∙ m2/s2. 
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To quantify the flow-diversion efficacy of a stent structure post random modification, 

an index of flow reduction rate (𝑅f) was defined: 

𝑅f =
𝑉w/o  −  𝑉withFD

𝑉w/o
 ×  100%,                                      (3 − 7) 

where 𝑉w/o  and 𝑉withFD  are the intra-aneurysmal average velocities under no-stent 

condition and after FD implantation of a given wire configuration, respectively. 

Considering the huge computational load, a scalar parallel computing system (SGI 

UV2000) was used at the Institute of Fluid Science, Tohoku University, to perform the 

CFD simulations. To reach a convergence in CFD simulation, the computational costs, 

using 256 cores, for respectively the S, C, and R models were about 30, 45, and 70 

minutes.  

3.2.6 Longitudinal displacement test 

Manual delivery and deployment of an FD stent can lead to uncertain displacements 

along the longitudinal direction, in relation to the desired location identified by the 

optimisation. I therefore performed a longitudinal displacement test (LDT) to 

investigate the displacement effects on the post-treatment haemodynamics: for a given 

FD stent structure, the starting phases of all wires were changed by adding a 

variable 𝜃∆, ranging from – 𝜋 to 𝜋, to produce an effect of longitudinal displacement. 

CFD simulations were then performed to obtain the intra-aneurysmal average 

velocities under displacement conditions. 

3.2.7 Optimisation with different objective functions 

Optimisation with different objective functions applied can produce different optimal 

solutions. To examine the effect of objective function on the optimal FD stent structure 

and its corresponding haemodynamic modifications, the same optimisation procedure 

was applied with intra-aneurysmal maximum velocity (AMV) set as the objective 

function to respectively the S and C model. 
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3.3 Results  

3.3.1 Optimisation with the AAV objective function 

It took respectively 916, 1035, and 976 SA steps before the lower temperature limits of 

the S, C, and R model were reached. In all three cases, a marked improvement of flow-

diversion efficacy was observed in the initial hundred steps of SA, before it fluctuates 

and stabilises at a certain level, as demonstrated in Figure 3-4. the AAV differences 

before and after optimisation were presented in Table 3-2 for the three models. 

 

Figure 3-4: The SA procedures for the S, C, and R models. (Vertical axis: Rf, horizontal axis: steps 
of SA procedure.) Objective function: AAV. 
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Figure 3-5: Visualisation of intra-aneurysmal streamlines, colour-coded by velocity magnitude, 
under no-stent conditions, and with stent before and after optimisations, for respectively the S, C, 
and R aneurysm models. (Black arrows: flow direction, red arrows: BOI, blue arrows: BOO, and 

yellow circles: inflow area.) 

 

Figure 3-6: Visualisation of intra-aneurysmal iso-velocity surfaces, corresponding to 0.01, 0.015, 
and 0.1 m/s, under no-stent conditions, and with stent before and after optimisations, for 

respectively the S, C, and R models. (Black arrows: flow direction; yellow circles: inflow area.)  
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Figures 3-5 and 3-6 depict the streamlines (colour-coded by velocity magnitude) and 

iso-velocity surfaces (corresponding to 0.01, 0.015, and 0.1 m/s for respectively the S, 

C, and R models) for the three aneurysms under the conditions of no-stent, initial stent 

and optimised stent. Figures 3-7 and 3-8 show the velocity contours generated in the 

aneurysm neck plane and velocity vectors generated from the aneurysm ostium. 

Figure 3-9 demonstrates the results of LDT, which presents the differences of AAV 

with respect to the axial displacements for the initial homogeneous wire and the 

optimal FD wire structures. 

To better present the inflow feature of the aneurysm haemodynamics, the concept of 

bundle of inflow (BOI) is introduced to describe a flow bundle that enters the 

aneurysm from its ostium. Likewise, the bundle of outflow (BOO) area indicates the 

regions where the blood exits an aneurysm. The red and blue arrows/circles in Figures 

3-5 and 3-6 refer to the BOIs and BOOs in a corresponding condition; the yellow circles 

with dotted lines in Figure 3-6 depict the areas where BOI concentrates; and the black 

arrows indicate the flow directions in each corresponding condition. 

Table 3-2: Intra-aneurysmal average velocities and Rf under the no-stent, initial stent, and optimal 
stent placements for respectively the S, C, and R models (Objective function: AAV). 

 
No-stent Initial stent placement Optimal stent placement 

𝑉w/o (10−3m/s) 𝑉initial (10−3m/s) 𝑅f(%) 𝑉optimal (10−3m/s) 𝑅f(%) 

S model 2.827 0.269 90.48 0.123 95.65 

C model 10.629 0.528 95.04 0.249 97.65 

R model 39.309 13.071 66.75 2.025 94.85 

 

3.3.1.1 S model 

Prior to treatment, the blood enters the S model from the distal end and exits through 

the proximal end. After treatment with a FD stent of the initial homogeneous structure, 

the intra-aneurysmal flow pattern changes: the streamlines within the aneurysm 

lumen become irregular and sparse; the BOI area was displaced from the central distal 

to the proximal end, with a negative radial offset; and a transition of the BOOs from 

the proximal to the distal end was identified. Flow recirculation inside the aneurysmal 

lumen was observed after optimisation. In addition, it can be observed that the 

optimisation resulted in a denser wire configuration within the BOI area (Figure 3-7). 
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Figure 3-7: Visualisation of velocity components perpendicular to the aneurysm neck plane, under 
no-stent conditions, and with stent before and after optimisations, for respectively the S, C, and R 

models. (Black arrows: flow direction, red circles: inflow area, and blue circles: outflow area.) 

 

Figure 3-8: Visualisation of velocity vectors generated from the aneurysm neck plane, under no-
stent conditions, and with stent before and after optimisations, for respectively the S, C, and R 

models. (Black arrows: flow direction; yellow circles: inflow area.) 
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3.3.1.2 C model 

Before treatment, a strong BOI and two BOOs were observed respectively in the 

proximal and the distal ends of the aneurysm neck. The treatment with the initial FD 

stent considerably reduced the aneurysm inflow, confirmed by a high flow-diversion 

efficacy of around 90 %. Further reduction of aneurysmal inflow was introduced by 

the implantation of the optimal FD stent. A recirculation of blood flow within the 

aneurysm lumen was observed under this condition (Figure 3-5). 

3.3.1.3 R model 

Compared with the S and C models, the no-stent R model exhibits a strong and sharp 

impingement of the BOI, right against the wall of the aneurysm. After the treatment 

with the initial homogeneous FD stent, the magnitude of impingement of the BOI is 

markedly reduced. Treatment with the FD stent after optimisation further reduced the 

intra-aneurysmal flow activity, as suggested by the post-treatment iso-velocity 

surfaces and streamlines. Similar to the S and C models, blood flow recirculation 

within the aneurysm lumen was found in the C model (Figure 3-5). 

3.3.2 Optimisation with the AMV objective function 

The optimisation procedure required 913 and 908 SA iterations for respectively the S 

and C models, until the lower temperature limits (see Table 3-3) were reached. 

Compared with the initial uniform stent structures, the AMV reduction post treatment 

with the optimal stent structures were respectively improved by 9.12% and 2.74 %. The 

AMV and flow reduction rates for the no-stent, initial stent and optimised FD 

conditions are shown in Table 3-4. 

Table 3-3: Initial temperatures and lower temperature limits of SA procedures for the S and C models. 

 S model C model 

Initial temperature 2.414 × 10−3 6.636 × 10−4 

Lower temperature limit 1.244 × 10−5 3.420 × 10−6 

 

Figure 3-10 shows the SA developments for the S and C models. The flow reduction 

rate of the S model increased during the initial 400 iterations, rising from around 84% 
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at iteration 0 to approximately 92% at iteration 400, before stabilising at 92%. For the C 

model, the flow reduction fluctuated between 92% and 88% in the initial 200 iterations 

before the best flow reduction rate of 95.49% was finally achieved. The improvement of 

flow reduction shows a similar trend in the two models, which drastically increases in 

the initial hundreds of iterations and then stabilises at a certain level. No further 

improvement of flow-diversion efficacy was obtained during the final 100 iterations 

for either case. 

Table 3-4: The AMVs and Rf under the no-stent, initial stent and optimised FD conditions of 
respectively the S and C models. (Objective function: AMV) 

 
Non-stent Initial stent placement Optimal stent placement 

𝑉w/o (10−3𝑚/𝑠) 𝑉initial (10−3𝑚/𝑠) 𝑅f(%) 𝑉optimal (10−3𝑚/𝑠) 𝑅f(%) 

S model 36 6.13 83.63 2.61 92.77 

C model 145 10.56 92.75 6.57 95.49 

 

 

Figure 3-9: LDTs of the optimised FD stent structures for respectively the S, C, and R models 
(Horizontal axis: the longitudinal displacement of the respective FD stent structure). 
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Figures 3-11, 3-12, and 3-13 show the FD structures and the haemodynamic differences 

between treatments with the initial and the optimised FD stent structures. As observed 

in both cases, optimisation changed the structures of the FD stent wires: the 

homogeneous wire structures were disrupted and larger areas without metal coverage 

could be observed in the optimised FD structures. Compared to the initial FD stent 

intervention, the magnitude of velocity components perpendicular to the aneurysmal 

ostium markedly decreased after treatment with the optimised FD stent, particularly 

in the inflow area. The streamlines (colour-coded by velocity magnitude) demonstrate 

that the high-velocity magnitude inflow area located at the aneurysmal ostium was 

reduced. 

 

Figure 3-10: The SA developments for the S and C models. (Vertical axis: Rf, horizontal axis: steps 
of SA procedure.) Objective function: AMV. 

 

 

Figure 3-11: Visualisation of intra-aneurysmal streamlines, colour-coded by velocity magnitude, 
before and after optimisations, for respectively the S and C aneurysm models. (Red arrows: BOI, 
rectangle with red dotted lines: results obtained from adopting AAV as objective function, and 
rectangle with green dotted lines: results obtained from adopting AMV as objective function.) 
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Figure 3-12: Visualisation of velocity components perpendicular to the aneurysm neck plane 
before and after optimisations, for respectively the S and C aneurysm models. (Yellow circles: 
inflow area, rectangle with red dotted lines: results obtained from adopting AAV as objective 

function, and rectangle with green dotted lines: results obtained from adopting AMV as objective 
function.) 

 

 

Figure 3-13: Visualisation of velocity vectors generated from the aneurysm neck plane before and 
after optimisations, for respectively the S and C aneurysm models. (Red circles: inflow area, 
rectangle with red dot lines: results obtained from adopting AAV as objective function, and 

rectangle with green dotted lines: results obtained from adopting AMV as objective function.) 

Figure 3-14 demonstrates the alteration of AAV with respect to AMV during the 

optimisation process: a flow reduction improvement of AMV does not accompany that 

of AAV. For the S model, the highest flow reduction rate obtained was 92.77%, whereas 

the reduction rate of AAV was only around 93% at this point (refer to point A in Figure 

3-14). The highest reduction rate of AMV was observed as point B (just over 94%), 

whereas the flow reduction of AAV was only approximately 87%. For the C model, 
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optimal solutions are observed to concentrate in region C (Figure 3-14); nonetheless, 

the maximum reductions of AAV (point D) and AMV (point E) are not at the same 

point. 

 

Figure 3-14: Visualisation of reduction rates of AMV and AAV of the S and C models. Objective 
function for optimisation: AMV. 

3.4 Discussion 

In this Chapter, a numerical approach applied to the optimal design of FD stents was 

shown. To improve the flow-diversion efficacy of the conventional FD stents with 

homogeneous wire configuration, this approach rearranged the starting phases of stent 

wires, so as to maximally block the aneurysmal inflow jets. With this optimisation 

approach, the flow-diversion efficacy can be markedly improved, while the overall 

porosity of the FD stent can be maintained. 

3.4.1 Modification parameter used in optimisation 

The stent wire starting phase was chosen as the modification parameter, owing to 

consideration of the correlation between FD stent porosity and post-treatment in-stent 

stenosis. 

In fact, various other parameters that define a FD stent design were chosen in previous 

optimisation studies. Anzai et al. [68,70] modified the strut segment configurations 

within the aneurysm ostium, and found that the flow-diversion efficacy can be 

improved, whilst the stent porosity was maintained strictly at 80%. However, the 

isolated and disconnected strut segments denied the possibility of fabricating the 
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optimal stent structure. Lee et al. [85] adopted gap spacing and strut size as the 

modification parameters. Optimal FD stent designs were obtained in this study; 

however, the low device porosity post-optimisation becomes a problem. The starting 

phase is one of the parameters required in the design and manufacturing process of 

FD stents. The simulation demonstrates that the modification of wire starting phase 

could markedly improve the flow-diversion efficacy of a conventional homogeneous 

FD stent, without changing the stent’s porosity. 

3.4.2 Objective function and SA procedure 

Optimisation outcomes vary with respect to the objective functions. A proper 

determination of objective function is of great importance for optimisation to make 

favourable FD stent designs. FD stent structural optimisation is driven by the pursuit 

of an improved treatment prognosis, but no consensus on critical parameter(s) that can 

clearly determine the prognosis has yet been reached. I chose AAV or AMV as the 

objective function because they were reported to be related to a shorter period of 

thrombotic occlusion of the aneurysm. In addition to average velocity, the optimisation 

approach accepts other objective functions that may predict a favourable prognosis. 

In addition to AAV and AMV, many other parameters have been proposed in relation 

to a short period of aneurysm occlusion. Corbett et al. [122] performed an in vitro study, 

and reported that thrombosis could occur when shear stress or shear rate of bovine 

blood reaches a specific threshold. A review by Moiseyev et al. [58] concludes that the 

shear-induced activation of platelets is a requisite for blood coagulation. In contrast, 

Janiga et al. [74] reported that wall shear stress can be an important factor related to the 

occlusion of an aneurysm. Recently, Chung et al. [56] reported that the average velocity 

within the aneurysm lumen is related to a shorter period of complete aneurysm 

occlusion. As revealed by these studies, AAV and AMV might be correlated with 

thrombotic occlusion; however, further study is still needed before its clinical 

relevance can be confirmed. 

Theoretically, SA procedure is able to identify a global optimum, provided that the 

initial temperature and cooling schedule are well determined. As shown in Figure 3-4, 
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to prevent optimisation from resulting in a local optimum, modifications of FD 

structure that have inferior flow-diversion efficacy might also be accepted according 

to the pre-defined cooling schedule. 

The AAV was measured during optimisation of the S and C models with AMV set as 

the objective function. As observed in Figure 3-14, an enhanced AMV reduction does 

not always accompany the increment of AAV reduction. Thus, to achieve a condition 

with both lower AMV and AAV, the FD structures in the vicinity of point F and G in 

Figure 3-14 may be considered as the overall optimal solutions for respectively the S 

and C models. Alternatively, optimisation using multiple objective functions may be 

applied, when computational cost is no longer a concern. 

3.4.4 Haemodynamic compatibility between FD structure and vascular geometry 

Haemodynamic compatibility of an FD device refers to the suitability of its wire 

structural design, from which the local aneurysmal haemodynamics of the FD 

recipient could attain a desired modification. Superior haemodynamic compatibility 

leads to favourable blood flow modifications that finally contribute to a shorter period 

of thrombotic occlusion and a lower risk of post-stenting complications. 

Currently, manufacturers provide many choices of FD products with different 

combinations of length and diameter, but the wire configurations of these FD stents 

remain homogeneous. Previous studies suggested that the efficacy of a homogeneous 

FD is primarily determined by its porosity. However， results shown in this paper, 

together with a study of asymmetric stent design, indicate that the efficacy of an FD 

depends not only upon its porosity but also upon its specific structural design. IAs 

have specific regions (BOI regions) in which strut placement can efficiently reduce 

aneurysmal inflow, whereas struts positioned outside the region show less effect. The 

optimisation, as a practical approach for the conventional homogeneous FD devices, 

shows that compacting FD stent wires into BOI areas may achieve a marked difference 

in blocking the aneurysmal inflow. 
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3.4.5 Reliability of the optimised FD structure 

The reliability of the optimised FD wire structure was examined by a set of LDTs. In 

the LDTs, I found that greater flow reduction rates were produced by the optimised 

wire structures within displacement ranges of −0.25 to 0.25 (S model), −0.5 to 0.25 (C 

model), and −0.75 to 0.75 mm (R model), compared to those of the initial homogeneous 

structures (see Figure 3-9). This indicates that although FD stents with uniform wire 

configuration can non-specifically prevent a strong inflow jet from passing through an 

aneurysm ostium, the flow-diversion efficacy of stents with uniform wire 

configuration is inferior to that of the optimised wire configuration when a device was 

desirably deployed. 

The reliability of an optimised FD is associated with the metal coverage mode within 

the aneurysm ostium. The optimised FD wires concentrate in BOI areas where 

aneurysmal inflow passes through, whereas only a small number of wires are assigned 

in the remaining areas where large holes can be found. This phenomenon explained 

why the optimised configuration has superior flow-diversion efficacy. However, if 

axial displacement occurs, the inflow jet has a chance to cross the orifice through the 

large holes, causing considerable fluctuations. It is our future task to improve the 

stability of an optimized FD by including a robustness test in the optimisation loop. 

3.4.6 Disruption of BOIs determines flow-diversion efficacy 

First introduced by Anzai et al. [70], disrupting the BOIs of an aneurysm is crucial to 

an effective blockage of aneurysm inflow. BOI refers to the inflow bundle of an 

aneurysm and can be visualised as the concentrated streamlines that enter an 

aneurysm. Regardless of objective functions applied (e.g. the AMV and AAV were 

respectively used), the same trend of wire strut rearrangements was observed: that 

stent wires were reallocated to better cover the BOI areas. This confirms the importance 

of BOI disruption, in order to obtain a higher flow-diversion efficacy. 
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3.5 Limitation and Future Work 

Several limitations exist in this study. At first, the blood was assumed to be a 

Newtonian fluid in a rigid system. Since the objective of this study is to work out a 

feasible optimisation approach for FD stent structures, the computational cost was a 

serious issue especially when SA was adopted as the optimisation algorithm. When 

the computational cost is no longer a problem, the simulation settings are readily 

changed by adopting a time-dependent boundary condition and a non-Newtonian 

rheology in the LB solver. 

The second limitation from the viewpoint of clinical practice is that deploying the 

optimised FD stent to the desired location would be a challenge for interventionists. 

This might be addressed in the future version of the optimisation approach by 

embedding a reliability test into the SA loop. 

Another limitation is that I studied merely the haemodynamic improvements that an 

optimised FD stent would be able to provide; the mechanical and material properties 

of the optimised FD stents have not been investigated. It is for future work to have the 

optimised FD designs fabricated and tested in vitro/vivo. 

3.6 Conclusion 

In this Chapter, a practical optimisation approach for FD stents with initially 

homogeneous wire configurations was demonstrated. This optimisation approach is 

able to improve the flow-diversion efficacy of the conventional FD stents, by 

rearranging the starting phases of the helical metal filaments. 

The proposed method was applied to the structural optimisations of three FD stents, 

with each corresponding to one aneurysm geometry. Without altering the pre-

assigned overall stent porosity of 80 %, optimisation respectively improved the flow-

diversion efficacies by 5, 2, and 28 % for the S, C, and R aneurysm model. Observing 

aneurysmal flow patterns post-optimisation, I confirmed that a disruption of the 

bundle of inflow is of great importance for reducing the intra-aneurysmal average 
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velocity. Furthermore, the reliability of the optimised stent structures was tested, and 

I found that the structure for the R model exhibits the best performance in tolerating 

the longitudinal displacements incurred during stent deployment. 

The method developed can be used to identify the wire structure with the best flow-

diversion efficacy for a given patient aneurysm geometry. By rearranging the helix 

wires’ starting phases, a homogeneous FD stent can be tailored to an inhomogeneous 

one with maximal flow-diversion efficacy for a patient aneurysm. In addition, the 

developed approach does not alter a pre-assigned stent porosity after optimisation, 

which potentially protects patients against post-stenting in-stent stenosis. 
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4.1 Objective 

Apart from the effort made to improve flow diversion by individualising the FD stent 

structure, clinicians also endeavour to better block the aneurysmal inflow by special 

manipulations performed in the process of stent deployment. Compacting an FD stent 

is an emerging technique to create a denser wire configuration across the aneurysm 

ostium. However, quantitative post-treatment haemodynamics affected by the 

compaction level of different stent diameters have not been completely understood. 

Literature review suggests that a few studies have focused on this stent compaction 

technique. Makoyeva et al. [95] studied the stent compaction effects on wire 

configurations across the aneurysm ostium in vitro. Gentric et al. [88] confirmed in 

animal experiments that stent compaction can improve angiographic occlusion of 

wide-neck aneurysms. An optimisation study by Janiga et al. [72] found that stent 

compaction within a certain segment across the aneurysm ostium led to a further 

reduction of aneurysmal inflow. Applying the finite-element method, a recent study 

by Xiang et al. [80] simulated FD stent deployment under a maximum-compacted 

condition. In this condition, haemodynamic modifications were reported to be twice 

as effective as those achieved in the non-compacted condition.  

In interventional practice, pursuing a maximum compaction is not the safest approach, 

as over-compacting a stent may result in a stent prolapsing into the aneurysm lumen 

or migrating, causing treatment failure [88]. In addition, the haemodynamic effects of 

stent size cannot be neglected [87]. Therefore, it is of great importance to quantify the 

haemodynamic effects of stent diameter, along with compaction level, thereby 

assisting neuroradiologists with information that contributes to a favourable treatment 

plan. 

In this Chapter, I propose to quantify the flow-diversion efficacies following 

treatments with FD stents of different diameters under compaction at different levels. 

To meet this need, I virtually deployed FD stents of three diameters, with each 

diameter modelled at four compaction levels, into two clinically observed aneurysms 

— one successful case, the other unsuccessfully treated with a Silk+ FD stent — to 
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contrast the haemodynamic alterations after treatments of a total of 24 stenting 

scenarios. 

4.2 Methods 

4.2.1 Aneurysm and FD stent model 

The successful and unsuccessful aneurysm models introduced in Section 2-1 were 

employed in this study after institutional ethical approval was obtained. The 

successful case was clinically categorised as a ‘successful’ one, because complete 

aneurysm occlusion was confirmed by CTA scan taken upon the follow-up 6 months 

after treatment, whereas CTA scan confirmed that the unsuccessful aneurysm 

remained patent 6 months after treatment (refer to Chapter 2-1 for a detailed 

description). 

4.2.2 FD stent modelling and deployment 

Given the large variation of diameter in the parent artery, FD stent treatment using a 

range of device diameters — 4, 4.5, and 5 mm — was investigated for each aneurysm, 

to survey the possible haemodynamic differences affected by the treating clinicians’ 

experience. This is because any of these diameters could plausibly be selected based 

upon the clinicians’ judgements and because stents with the diameters of 4.0 and 4.5 

mm were respectively used in the real treatment of the two patients. Refer to Section 

2-3-2 for the methodologies used to model the FD stents and Section 2-3-3 for the 

process used to simulate the deployment process. 

4.2.3 Stent compaction ratio 

In this study, an FD model was constructed based upon the structure of the Silk+ stent 

following an FD description previously reported by Lieber and Sadasivan [34]. For an 
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FD device with a nominal diameter 𝐷 and length 𝐿, the metal coverage rate (MCR) at 

the nominal condition can be estimated by 

MCR (%) =
𝑛𝑑√𝑝2 + 𝜋2𝐷2

𝜋𝑝𝐷
 ×  100,                                       (4 − 1) 

where 𝑛 is the number of wires that comprise an FD stent; 𝑑 is wire thickness; and 𝑝 is 

the pitch of a helical wire, which can be measured from the stent model geometry. An 

FD stent has a theoretical limiting condition of maximum compaction in which the 

MCR equals 100%, that is, no space exists between any two neighbour wires. The pitch 

at maximum compaction can therefore be derived, which corresponds to the minimum 

pitch, 𝑝min , by letting MCR = 100%. Under this condition, a fully compacted wire 

configuration across the aneurysm ostium can be produced by axially pushing the FD 

a length of 

∆𝐿max = ( 
𝑝1

𝑝min
− 1 ) ∙ 𝐿neck                                               (4 − 2) 

into the aneurysm neck segment, where 𝐿neck denotes the longitudinal length of the 

aneurysm neck segment, and p1 is the pitch in the neutrally expanded condition, prior 

to compaction. In interventional practice, complete compaction of an FD device is 

unrealistic, as aggressively compacting an FD can result in pushing its wires into the 

aneurysm lumen — a serious concern related to aneurysm rupture. Therefore, I 

investigated the effects of four levels of compaction ratio — i.e. 0% (I), 25% (II), 50% 

(III), and 75% (IV) — acting on each choice of stent diameter within the aneurysm neck 

segment. The compaction ratio is computed as  

CPT =
∆𝐿

∆𝐿max
                                                             (4 − 3) 

Based on the values of CPT determined corresponding to the four levels of compaction 

ratio, the MCRs were calculated and set in the program simulating the process of stent 

deployment. 
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4.2.4 Haemodynamic simulation 

The mesh dependence for the two geometries was studied in the previous work 

[31,104]. In this study, ICEM-CFD (ANSYS, Canonsburg, USA) was used to generate a 

tetrahedral mesh with maximum sizes of respectively 0.5, 0.1, and 0.01 mm for volume, 

aneurysm surface, and FD surface. The number of mesh ranged from 8 to 15 million in 

total, across different cases, and the mesh elements falling between any two wires (with 

an average of around 20 elements) were considered to be sufficient to characterise the 

flow behaviours in between the wires. The vascular wall and FD surface were assumed 

to be rigid and a no-slip condition was then imposed at these boundaries. 

Since neither a time-varying inflow velocity nor an outlet pressure profile was 

available to us for these patients, steady flow simulations were performed for each 

scenario under a range of inflow conditions (130, 190, 250, 310, and 370 mL/min at the 

ICA inlet) that covers the possible diastole-to-systole range of inflow in normal 

patients. A fixed 0 Pa  static pressure boundary was applied to all outlets of each 

geometry. The numerical results were obtained by solving the Navier–Stokes 

equations for 3D steady laminar flow using the CFX computational fluid dynamics 

(CFD) solver in the ANSYS 15.0 package (ANSYS, USA). With acceptable justifications 

[39], as in other CFD simulations performed in blood vessels, the blood was assumed 

to be an incompressible Newtonian fluid, with density and viscosity fixed to 1050 

kg/m3  and 0.0035  Pa·s , respectively. The convergence criteria for the normalised 

continuity and velocity residuals were both chosen as 10–5 ; with these settings, an 

average computational time of 5 hours was taken for each scenario using 16 cores on a 

Z840 workstation (Hewlett-Packard, USA). 

Streamlines, iso-velocity surfaces, and wall shear stress (WSS) were examined for each 

scenario, and the consequent modifications of MCR, aneurysmal average velocity 

(AAV), mass flowrate (MF), and energy loss (EL) were investigated. EL is believed to 

be one of the factors in the development and final rupture of aneurysms [36]. It refers 

to the energy difference between the aneurysmal inflow and outflow: 

𝐸𝐿 = ∑ 𝑄in,𝑖 (
𝑝in,𝑖

𝜌
+

1

2
𝑢in,𝑖

2 )

𝑛in

𝑖=1

− ∑ 𝑄out,𝑗 (
𝑝out,𝑗

𝜌
+

1

2
𝑢out,𝑗

2 )

𝑛out

𝑗=1

,           (4 − 4) 
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where 𝑄  denotes MF; 𝑝 is static pressure; 𝜌  is fluid density; 𝑢  is inflow or outflow 

velocity, as denoted by the subscripts; and 𝑖 and 𝑗 are indices referring to locations in 

the measurement domain. 

4.3 Results 

4.3.1 FD wire structures and MCR after compaction 

Figures 4-1 and 4-2 show the virtual deployment processes for the successful and the 

unsuccessful cases. Figures 4-3 and 4-4 depict the deployed FD structures at four 

compaction levels for the successful and the unsuccessful cases. Figure 4-5 shows the 

corresponding MCR values measured across the aneurysmal ostium. 

 

Figure 4-1: FD stent deployment process of the successful aneurysm case. (From top-left to 
bottom-right: stent vertices fully crimped to fully expanded) 

In the non-compacted condition, the average MCRs across the aneurysmal ostium 

were measured to be 29% (successful case) and 26% (unsuccessful case). When stents 

were compacted at level IV, MCRs were raised to 62% (successful case) and 51% 
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(unsuccessful case). For scenarios at the same compaction level, the MCR measured in 

the successful case was higher than that measured in the unsuccessful one. 

Interestingly, with the increase of compaction ratio, the MCR gap between the 

successful and the unsuccessful cases was widened further. Selection of different 

device diameters showed less effect on MCR, with maximum differences less than 5% 

for both the successful and unsuccessful cases. 

 

Figure 4-2: FD stent deployment process of the unsuccessful aneurysm case. (From top-left to 
bottom-right: stent vertices fully crimped to fully expanded) 

Table 4-1: The average improvements of flow reduction with each level’s (25%) advancement of 
compaction ratio, compared to the no-stent conditions. Values are the average for the five inflow 
boundary conditions. 

 Haemodynamic 

Parameters 

Stent Diameter Ave. 

Imp.  4.0 mm 4.5 mm 5.0 mm 

Successful case 

AAV 14% 15% 13% 14% 

MFR 12% 12% 11% 12% 

EL 10% 9% 8% 9% 

Unsuccessful 

case 

AAV 6% 9% 11% 9% 

MFR 6% 10% 10% 9% 

EL 7% 11% 10% 9% 

AAV: aneurysmal average velocity, MFR: mass flow rate, EL: energy loss, and Ave. Imp: the average 

of a given haemodynamic parameter for different diameters. 
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Figure 4-3: FD stent configurations of treatments with FD stents of three different diameters, D, 
at four compaction levels in the unsuccessful case. The untreated case is also shown for 

comparison. (NT: untreated condition; CPT: compaction level.) 

 

 

 

Figure 4-4: FD stent configurations of treatments with FD stents of three different diameters, D, 
at four compaction levels in the unsuccessful case. The untreated case is also shown for 

comparison. (NT: untreated condition; CPT: compaction level.) 
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Figure 4-5: Metal coverage rates measured across the aneurysm ostium for the successful (left) and 
the unsuccessful (right) cases. 

 

 

 

Figure 4-6: Iso-velocity visualisation of treatments with FD stents of three different diameters, D, 
at four compaction levels in the successful case. Inflow boundary condition = 130 mL/min. The 
untreated case is also shown for comparison. (NT: untreated condition; CPT: compaction level.) 
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Figure 4-7: Iso-velocity visualisation of treatments with FD stents of three different diameters, D, 
at four compaction levels in the unsuccessful case. Inflow boundary condition = 130 mL/min. The 

untreated case is also shown for comparison. (NT: untreated condition; CPT: compaction level.) 

 

 

Figure 4-8: Streamline visualisation for treatments with FD stents of three different diameters, D, 
at four compaction levels in the successful case. Inflow boundary condition = 130 mL/min. The 
untreated case is also shown for comparison. (NT: untreated condition; CPT: compaction level.) 
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Figure 4-9: Streamline visualisation for treatments with FD stents of three different diameters, D, 
at four compaction levels in the unsuccessful case. Inflow boundary condition = 130 mL/min. The 

untreated case is also shown for comparison. (NT: untreated condition; CPT: compaction level.) 

 

 

Figure 4-10: WSS visualisation of treatments with FD stents of three different diameters, D, at four 
compaction levels in the successful case. Inflow boundary condition = 130 mL/min. The untreated 

case is also shown for comparison. (NT: untreated condition; CPT: compaction level.) 
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Figure 4-11: WSS visualisation of treatments with FD stents of three different diameters, D, at four 
compaction levels in the unsuccessful case. Inflow boundary condition = 130 mL/min. The 

untreated case is also shown for comparison. (NT: untreated condition; CPT: compaction level.)  

 

 

Table 4-2: The difference between the maximum and the minimum value of each haemodynamic 
parameter at a given compaction level, considering five inflow conditions and three diameters. Values 
are the proportional differences compared to the no-stent conditions. 

 Haemodynamic 

Parameters 

Stent Compaction Level 
Ave. Diff. 

 I II III IV 

Successful case 

AAV 2% 9% 19% 5% 10% 

MF 2% 5% 11% 4% 6% 

EL 8% 10% 13% 1% 8% 

Unsuccessful 

case 

AAV 8% 7% 8% 15% 10% 

MF 7% 7% 8% 13% 9% 

EL 10% 9% 8% 10% 9% 

AAV: aneurysmal average velocity, MF: mass flow rate, EL: energy loss, and Ave. Diff: the averaged 

difference of a given haemodynamic parameter across different stent compaction levels. 
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Figure 4-12: Relative values of AAV after treatments with a FD stent for three different diameters 
and four compaction levels.  Symbols are plotted at the average for the five inflow boundary 
conditions; vertical error bars indicate the standard deviation for each such condition.  The 

untreated condition (NT) represents the 100% level in each graph. 

 

Unlike the successful case, in which an approximately tubular stent-mesh surface 

covers the aneurysm ostium, in the unsuccessful case, the stent mesh dilated into the 

aneurysm lumen. This phenomenon is associated with the distinctions of parental 

artery morphology: the successful case has a less-curved centreline, whereas the 

unsuccessful case has a highly-curved one. 

 

 

Figure 4-13: Relative values of MF after treatments with a FD stent for three different diameters 
and four compaction levels. Symbols are plotted at the average for the five inflow boundary 
conditions; vertical error bars indicate the standard deviation for each such condition.  The 

untreated condition (NT) represents the 100% level in each graph. 
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Figure 4-14: Relative values of EL after treatments with a FD stent for three different diameters 
and four compaction levels. Symbols are plotted at the average for the five inflow boundary 
conditions; vertical error bars indicate the standard deviation for each such condition.  The 

untreated condition (NT) represents the 100% level in each graph. 

 

4.3.2 Observation of aneurysm flow patterns 

CFD results under all five inflow boundary conditions were analysed quantitatively. 

For additional qualitative examination, representative flow patterns for the inflow 

condition of 130 mL/min are presented in Figures 4-6 to 4-11. The iso-velocity surfaces 

(corresponding to respectively 0.025 and 0.1 m/s for the successful and the 

unsuccessful case) are shown in Figures 4-6 and 4-7; Figures 4-8 and 4-9 depict the 

streamlines (colour-coded by velocity magnitude) and Figures 4-10 and 4-11 show the 

wall shear stress (WSS) distributions on the vascular wall. 

Before treatment, both successful and unsuccessful cases manifest strong inflow jets. 

After treatment, whereas an obvious reduction of inflow occurred in the successful 

case, interestingly, the inflow to the aneurysm in the unsuccessful case remained 

strong. With the increase of compaction ratio, the inflow jet can hardly be observed in 

the successful case (at level IV), whereas it still can clearly be identified in the 

unsuccessful one, suggesting an inferior flow-diversion improvement produced by 

compaction.  

In addition, flow patterns demonstrate no obvious distinctions for different diameters 

of FD stent at the same compaction ratio.  
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4.3.3 Reduction of AAV, MF, and EL 

Figures 4-12 to 4-14 demonstrate the proportional reduction of AAV, MF, and EL at 

each compaction level for both cases. Table 4-1 presents the average improvements of 

flow reduction with one-level advancement of compaction ratio. Table 4-2 gives the 

maximum differences of flow reduction attributable to the selection of stent diameter 

and inflow at the same compaction level. 

For the respective successful and unsuccessful cases at compaction level I, relative to 

the values for the untreated condition, the AAV were reduced to 44 and 65 percentage 

points; the intra-aneurysmal MF decreased to 53 and 66 percentage points; and the EL 

were reduced to 22 and 42 percentage points (average values for the five inflow 

boundary conditions). From compaction level I to IV, each 25% increase in compaction 

ratio leads to average improvements of 14 (AAV), 12 (MF), and 9 (EL) percentage 

points for the successful case, and 9 (AAV), 9 (MFR), and 9 (EL) percentage points for 

the unsuccessful case, relative to the untreated condition.  

At a given compaction ratio, the averaged maximum differences between values for 

the three stent diameters were calculated as 10 (AAV), 6 (MF), and 8 (EL) percentage 

points for the successful case, and 10 (AAV), 9 (MF), and 9 (EL) percentage points for 

the unsuccessful one.  

4.4 Discussion 

In this Chapter, a total of 24 virtual treatment scenarios using FDs were demonstrated, 

with different stent diameter and compaction level applied, for a successfully treated 

aneurysm case and an unsuccessful one. Results indicate that:  

1) for a given stent diameter, a 25% increase in compaction ratio led to a further 

improvement of around 10 percentage points (relative to the untreated condition) 

in AAV, MF, and EL reduction; and 

2) at a given compaction level, treatments using different stent diameters could 

result in a maximum difference of around 9% (compared to the untreated 

condition) in flow-diversion performance. 
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4.4.1 Morphological distinctions between the successful and the unsuccessful case 

It is found that whether an MCR (equivalent to the unloaded condition) can be 

achieved post-deployment may depend upon the parent-arterial curvature of the 

treated aneurysm. Furthermore, compactions performed along a highly-curved artery, 

with an aneurysm located at the curvature apex, result in a smaller increase in MCR at 

the ostium. 

At compaction level I, the target MCR (predicted based on the unloaded condition) 

was the same, while the morphology of both treated aneurysms differed markedly. 

Stents deployed along a highly-curved artery (unsuccessful case), with the aneurysm 

located at the curvature apex, resulted in a lower MCR (26%); stents deployed along 

an artery with little curvature (successful case) resulted in a greater MCR (29%). 

(Figure 4-5) 

This phenomenon follows from geometrical constraints. Fitting a stent into a curved 

artery requires the FD wires to bend towards the curvature apex. Because of this, when 

an aneurysm is located at the apex, the stent wires located within the aneurysm ostium 

would dilate into the aneurysm lumen due to the restoring force acting inside the FD 

(Figure 4-15). In the same way, compacting the stent would push the wires further into 

the aneurysm lumen, causing a larger discrepancy between the expected and the 

achieved wire density across the aneurysm ostium. Along with other factors that may 

affect the achieved MCR [123], the fact that applying the same compaction technique 

in different patients may not result in the same MCR is something that must be kept in 

mind by medical doctors.  

The FD wires have a potential to dilate into the aneurysm lumen due to the restoring 

force acting internally inside the FD device, especially if a push-and-pull technique, i.e. 

a technique to deploy FD stent with compaction, was applied during deployment. This 

is a common phenomenon, which has been addressed in many published studies by 

not only clinical groups but also simulation teams.  
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Figure 4-155: The magnified view of FD wire dilation into the aneurysm lumen. Sub-figures (A) 
and (B) show the FD wires after deployment in respectively the successful and the unsuccessful 

case; Sub-figures (C) and (D) depict the centrelines extracted from the respective aneurysm 
geometry for comparison. 

In this study, the restoring forces acting inside the FD stent were mimicked by the 

fictitious springs that connect the FD wire intersections (the substance of the Spring–

Mass model). The intensity of the restoring force was controlled by the stiffness of the 

fictitious springs, and the value of the stiffness I used was adopted from published and 

validated literature [84,107].  

 

Figure 4-166: Comparison of CFD simulations and angiographic medical imagery for the 
unsuccessful case.  Top: CFD results of iso-velocity surface (left) and streamlines (right); Bottom: 

DSA images taken upon the 6th month’s follow-up after treatment. 
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The setting of spring stiffness was the same for both the successful and the 

unsuccessful case, considering that the Silk+ stents I simulated had the same material 

properties. In this study, once the value of spring stiffness was assigned during 

initialisation, no manual intervention was introduced in the later simulation procedure. 

As can be identified in Figure 4-7, a jet flow was produced as an additional 

consequence of the parent artery’s morphology in the unsuccessful case. The jet flow 

enters the aneurysm through a gap between the stent mesh and the arterial wall, which 

makes the flow unable to be blocked by an FD, even with a level-IV compaction 

applied. Angiography taken upon the 6-month follow-up revealed the existence of this 

jet flow, and it matches the CFD simulation results in this study (Figure 4-16). It 

suggests that FD treatment might be an unsuitable choice for those aneurysms having 

a similar parent artery morphology to the unsuccessful case in the present study. 

4.4.2 Haemodynamic effects of stent compaction 

The haemodynamic simulations suggested that each one-level advancement of stent 

compaction (corresponding to an increment in compaction ratio of 25%) could 

contribute to a further reduction of aneurysmal inflow, measured on average as AAV: 

11, MF: 10, and EL: 9 percentage points of the untreated condition. This study also 

demonstrated that the proportional reduction of inflow follows a linear trend (R2 > 0.85) 

with respect to compaction ratio, regardless of the selection of stent diameter or the 

morphology of a recipient aneurysm (Figures 4-12 to 4-14). Performing stent 

compaction therefore may be encouraged during stent deployment where practical. 

However, it should be noted that FD treatment, even with the maximum compaction, 

cannot guarantee complete aneurysm occlusion post-treatment. The stent compaction 

effect can be considerably compromised when compaction is performed along a 

curved vessel, e.g. the unsuccessful case, as in which a level-IV compaction only 

reduced the AAV, MF, and EL to a degree that can be achieved without compaction in 

the successful case. This notion was also addressed by previous studies which 

investigated the FD deployment procedure and post-treatment haemodynamics 

[124,125]. 
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Over-compacting an FD stent during deployment can result in tragedy, since 

aggressively advancing the proximal end of an FD might push the wires into the 

aneurysmal lumen or force the distal end of the FD stent to migrate [88]. I therefore 

only examined a maximum compaction ratio of 75%. An alternative approach, which 

only creates a small denser-wire region where blood enters the aneurysm lumen [72], 

may avoid over-compaction. However, it would be a great challenge for 

neuroradiologists to find a practicable technique to create such a locally denser wire 

segment within a small region in the aneurysm ostium. 

4.4.3 Haemodynamic effects of device diameter 

It can be noticed that the flow-diversion efficacy was affected by the implanted stent 

diameter. Furthermore, I found that the best stent diameter, i.e. the diameter that can 

produce the highest flow diversion, may differ with respect to compaction levels. For 

instance, by evaluating the maximal inflow reduction, a 4 mm stent was shown to be 

the best choice for the unsuccessful case at compaction level I, II, and III, while it turned 

out to be the worst at compaction level IV (Figures 4-12 to 4-14). This suggests that a 

deployment rehearsal, along with CFD simulations, could be helpful in deciding a 

favourable stent diameter and deployment strategy. 

A previous haemodynamic study of device oversizing effects reported that treatments 

using FDs with nominal diameters equal to those of the recipient arteries can 

maximally reduce the aneurysmal inflow rate, which can be up to 50 % higher than the 

reductions achieved by using oversized ones [87]. In the present study, I confirmed the 

existence of a device diameter that could maximally reduce the inflow, and, 

furthermore, showed that the selection of device diameter needs to take its proposed 

compaction ratio into consideration.  

Finally, it should also be noted that determining the diameter equivalent to that of the 

recipient artery can be challenging, especially for the aneurysms exhibiting large 

variation in parent artery diameters. Neuroradiologists faced this problem in dealing 

with the two aneurysms in this study, since both had large variations in diameter (refer 

to Chapter 2 for a detailed description). This study demonstrated a numerical approach 
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which could be used by neuroradiologists to identify the most suitable stent size and 

treatment strategy that contribute to a favourable haemodynamic modification. 

4.4.4 Validation of the FD wire structures post-treatment 

In the present study, restricted by the ethics, it is almost impossible to perform in vivo 

validation of FD treatments at different compaction levels, or even to compare the 

treatments using FD stents of different sizes in a single patient. As an on-going work, 

my colleagues are performing in vitro particle image velocimetry (PIV) experiments to 

compare the haemodynamics after treatments using different brands of FDs in silicone 

models. Including some observations from that project would be helpful to verify the 

deployment simulation in this Chapter. 

 

Figure 4-17: The comparison of FD wire structures between in vitro and virtual deployments. (Row 
I: raw images, row II: selecting the region of interest (ROI), and row III: subdomains post image 

processing. Left and right series are FD wires observed from two camera angles) 

As a validation of the deployed stent configuration in this study, the FD wire structures 

obtained from the virtual deployment were compared with those from a Silk+ FD stent 

(with nominal diameter of 4.5 mm and length of 16 mm under unloaded condition) 

that the medical doctors deployed into a thin-wall silicone model.  

Figure 4-17 shows the in vitro and the virtual deployment results. A qualitative 

comparison of the figures suggests that the two sets of results may be compatible.  
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Table 4-3: The pore-density, porosity, and wire braiding angle measured from the FD structures 
after virtual and in vitro deployments. 

Subdomain 
Pore-density 

(pore number) 

Porosity 

(%) 

Braiding Angle 

(degrees) 

 In vitro Virtual In vitro Virtual In vitro Virtual 

Scene 1       

a(i) 29 28 78.9 72.5 44.2 40.3 

a(ii) 28 30 78.3 74.4 47.2 42.8 

a(iii) 32 38 74.7 67.7 39.2 38.1 

b(i) 25 28 76.4 74.6 48.6 41.6 

b(ii) 25 25 79.1 74.4 45.3 45.6 

b(iii) 32 33 75.7 72.9 39.1 37.8 

c(i) 30 29 75.7 70.1 46.6 43.6 

c(ii) 29 26 77.8 71.0 43.2 41.8 

c(iii) 28 31 76.5 70.6 45.4 43.4 

Scene 2       

a(i) 40 42 78.5 77.3 60.6 56.3 

a(ii) 35 39 77.7 81.4 53.3 50.6 

a(iii) 40 39 79.7 78.6 57.8 56.3 

b(i) 34 35 73.8 73.2 49.2 42.5 

b(ii) 35 32 78.0 72.4 49.3 42.5 

b(iii) 31 34 78.3 76.6 49.1 49.7 

c(i) 47 41 64.1 62.3 44.8 41.2 

c(ii) 47 42 72.1 67.4 43.2 38.4 

c(iii) 36 35 77.1 73.7 48.9 46.7 

 

To quantify the discrepancies between the two results, the region of interest (ROI, as 

shown in row II with thick red borders) was divided into nine subdomains (as shown 

in row III with thinner red borders), and the pore-density, porosity, and wire braiding 

angle in each paired subdomain were then measured and compared (see Table 4-3 and 

Figure 4-18). 

The pore-density of FD wires was calculated as the total number of pores within one 

subdomain area. The porosity was defined as 

porosity(%) =
𝑆total − 𝑆metal

𝑆total
× 100                                   (4 − 5) 

where 𝑆total denotes the surface area of the subdomain in scene 1 or 2; 𝑆metal denotes 

the total area of the FD wire projections in the corresponding scene plane. The braiding 

angle was calculated as the average value of all the acute angles in each subdomain.  

The data of Table 4-3 demonstrate good agreement in all three structural parameters, 

which is summarised in Figure 4-18. A paired-samples t-test was also performed, and 
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I confirmed that the simulation results could be interpreted as having the same 

characteristics as in vitro observations (p<0.05).  

 

Figure 4-18: Comparison of FD wire characteristics between in vitro and virtual deployments in 
Scenes 1 and 2. Vertical error bars indicate the standard deviation (SD) of the data for each 

condition. 

4.5 Limitation and Future Work 

The deployment simulation method did not consider the interaction between the 

arterial wall and the stent. Although the favourable compliance of the Silk+ limits its 

influence on artery deformation, further study is still needed to examine the effects of 

stent-and-arterial wall interaction on post-stenting wire structures. As it is well-known 

that the characteristics of artery elasticity are hard to accurately simulate, this will be a 

challenge of the future work.  

Two ICA aneurysm cases were studied, while aneurysms located on other intracranial 

arteries or with different morphological characteristics need to be examined to confirm 

the findings reported in this study. It is the future work to include more cases to 

investigate the correlation between simulation results and clinical outcomes, and 

likewise to quantify the correlation between parent artery curvature and 

haemodynamic effects. 

4.6 Conclusion 

In this Chapter, a total of 24 virtual stenting scenarios were demonstrated for two 

patient-specific aneurysm cases — one was clinically categorised as a successful 
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treatment and the other unsuccessful. By contrasting the haemodynamics in the 

successful and the unsuccessful treatment scenarios, the results indicate the following 

findings for the first time:  

1) With stent compaction technique applied, the flow-diversion efficacy in the 

unsuccessful case can be improved to a level similar to that in the successful case 

without compaction; 

2) The change of flow-diversion efficacy with respect to the compaction level 

follows a linear trend (R2 > 0.85), regardless of the selection of stent diameter or 

the morphology of a recipient aneurysm; 

3) The same level of compaction applied to different FD sizes (i.e. the stent diameter) 

could result in different treatment outcomes (with a maximum difference of 

about 10% in flow-diversion efficacy); 

4) The virtual stent deployment techniques developed in this study could be used 

to perform treatment rehearsals, to predict the treatment outcomes. 

These findings could plausibly be referred to by clinicians in many circumstances: For 

example, in the unsuccessful case, if a level-IV compaction had been applied, the 

treatment outcomes could be improved significantly (a further reduction of inflow by 

more than 30% of the untreated condition); moreover, clinicians may realise the 

importance of paying additional attention in dealing with aneurysms located at highly-

curved parent arteries.  

While the main purpose of the research is to help improve the understanding of a stent 

compaction technique, under the influence of different device diameters, the 1) FD 

modelling technique, 2) stent compaction classification, and 3) virtual stent 

deployment method established in this study, on the other hand, will certainly 

contribute to the simulation methodologies used in future FD-related research and 

development.
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5.1 Objective 

Flow-diversion treatment for IAs sometimes requires the deployment of a second FD 

stent, due to the insufficient flow diversion produced by the first device. Nonetheless, 

quantitative haemodynamic analyses before and after the second stent implantation 

have not yet been systematically carried out.  

Various studies have been performed to understand the deployment of FD stents, as 

well as the haemodynamic alterations caused by the implanted device [31,80,126,127]. 

Complete aneurysm occlusion is generally believed to be associated with sufficient 

flow diversion produced by the stent’s metal wires that partially cover the aneurysm 

ostium. 

For most treatments, one FD stent would be enough to achieve a favourable 

haemodynamic modification. Nevertheless, a number of treatments still need the 

implantation of an additional device (or devices), either planned in the original 

treatment or added in a subsequent procedure (e.g. upon the identification of a residual 

aneurysm lobule at a routine follow-up), due to the insufficient flow diversion 

produced by the earlier-deployed one. In a recent retrospective review of treatments 

with the Pipeline stent, it is reported that an average of two devices were used for each 

aneurysm treatment [128]. However, review of the wider literature suggests that few 

studies have focused on the possible haemodynamic variations caused by different 

stent diameters in a multiple FD intervention. 

In this Chapter, I seek to quantify the haemodynamic differences caused by the 

deployment of a second FD, considering the sizing effects of both the earlier- and the 

later-deployed stents. To meet this objective, a virtual stent deployment technique was 

employed to create a total of 18 dual-FD stent treatment scenarios, with different 

combinations of stent diameters implanted into two clinically observed aneurysms. 

The post-treatment stent wire structures were examined, and the corresponding 

haemodynamic outcomes were then investigated by CFD simulations. 
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5.2 Methods 

5.2.1 Aneurysm and FD models 

The successful and unsuccessful patient aneurysms (see Chapter 2.1 for visualisation 

of their geometries) were used with an intention of comparing their responses to 

treatments with multiple FD stents. The patient aneurysm data was accessed after the 

institutional ethics approval was granted.  

In clinical treatments, the successful case attained complete aneurysm occlusion, as 

confirmed by CTA 6 months’ post-treatment. Whereas the CTA scan for the 

unsuccessful case 6 months post-treatment shows that the aneurysm sac remained 

transparent. In a second intervention for that patient, neuroradiologists implanted an 

additional stent into the earlier-deployed one; unfortunately, a residual aneurysm 

lobule can still be identified 6 months after that treatment. This case may therefore 

provide some cues of treatment failure if the haemodynamic circulations after each 

stage’s treatment were examined. 

The devices I modelled were the Silk+ FD stents, the same brand as deployed in the 

real treatments. A spring–mass analogue was employed in the computational 

modelling of the Silk+ stent structure and deployment. (Refer to Section 2.2 for a 

detailed description.) 

5.2.2 Multiple FD Implantation 

For the deployment of a single stent, the boundary constraint was only the vascular 

wall. For the deployment of a second stent, I first performed a surface fitting of the 

fully expanded vertices of the earlier-deployed stent, and then set the fitted surface 

(treated as a vascular lumen), along with the vascular wall, as the boundary constraints 

for the deployment of the second stent (see Figure 5-1 for the schematic). A fully 

expanded status was reached when the movement of each node was less than 1 μm. 

After this status was reached, I finally converted the FD nodal information to an FD 
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model by sweeping a circular cross-section through the connected fictitious springs 

using Paraview. 

Given the large variation in the parent-arterial diameter of both cases, a range of stent 

diameters could plausibly be selected based upon the treating doctors’ judgements. I 

therefore investigated treatments with various device diameters — namely 4.0, 4.5, and 

5.0 mm — for the first-deployed stent in each aneurysm. To simulate the follow-up 

treatments, I deployed an FD stent at each of those three sizes into each of the earlier 

deployed ones for both patient cases, to examine the possible changes attributable to 

the size of the second device. 

 

Figure 5-1: Schematic of virtual stent deployment of two FD devices. (I_a: recipient aneurysm 
geometry, I_b: the first FD stent to be deployed, II_a: deployment of the first stent, II_b: surface 

fitting of the first deployed stent, III_a: deployment of the second stent, III_b: the second FD stent 
to be deployed, and IV: aneurysm with two FD stents implanted.)  
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5.2.3 Haemodynamic Simulation 

The arterial wall and stent surface were assumed to be rigid and no-slip condition was 

imposed at these boundaries. At the inlet of the parent artery, a volume flowrate 

condition (130 mL/min) was imposed following the previous study [104]; at each outlet, 

a fixed 0 Pa static pressure was applied. In order to impose a fully developed flow 

condition at both the inlet and the outlet, the inlet domain was extended 20 times the 

diameter of the ICA in an upstream direction, and so was the outlet domain in a 

downstream direction. With acceptable justifications, steady-state flow simulation was 

performed with assumptions of Newtonian, laminar, and incompressible fluid flow 

adopted; the density and viscosity of the blood were set respectively as 1050 kg/m3 and 

0.0035 Pa·s.  

The previous work presented a computational grid generation strategy for the two 

aneurysm cases [104]. In the present study, the same strategy was applied to generate 

a tetrahedral grid with maximum sizes of 0.5, 0.08, and 0.008 mm for respectively 

volume, aneurysm surface, and stent surface, using ICEM-CFD (ANSYS, Canonsburg, 

USA). (See Figure 5-2 for the representative mesh elements.) Across different cases, the 

total number of computational grid elements ranged from 12 to 20 million, and the 

mesh elements falling between any two wires (with an average number of around 20 

elements) were considered to be sufficient enough to characterise the flow behaviours 

in between the wires. The simulation results were obtained by solving the Navier–

Stokes equations using the CFX solver for CFD in the ANSYS 16.2 package (ANSYS, 

USA). The criteria of convergence were chosen as 10-5 for the normalised continuity 

and velocity residuals. 

Iso-velocity surfaces, streamlines, and wall shear stress (WSS) were examined for each 

treatment scenario. To quantify the treatment outcomes of each scenario, I calculated 

the stent wire porosity and pore-density (see Figure 5-15 for the measurement plane) 

across the aneurysm ostium, intra-aneurysmal mass flowrate (MF), and energy loss 

(EL). 
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5.3 Results 

Figures 5-3 and 5-4 depict the wire configurations in virtual treatments with a single 

FD stent (‘SFD’) or dual FD stents (‘DFD’) for respectively the successful and 

unsuccessful cases. Figures 5-5 to 5-10 show the iso-velocity surfaces (corresponding 

to 0.035 and 0.12 m/s for respectively the successful and the unsuccessful case), 

streamlines (colour-coded by velocity magnitude), and wall shear stress distributions 

for respectively the successful and the unsuccessful case. Figures 5-11 and 5-12 present 

the values of porosity and pore number within the measurement neck planes for 

respectively the successful and the unsuccessful cases. Figures 5-13 and 5-14 show the 

relative values of MF and EL after treatments with single or dual FD stents for the two 

cases. Table 5-1 presents the average reduction of MF and EL after the implantation of 

a second FD. 

 

Figure 5-2: The computational mesh of the aneurysm model with two stents deployed in the 
parent artery. (A) model geometry; (B) model surface mesh; (C) volume mesh in the cross section 

depicted in ‘A’; and (D) magnified view of the stent mesh details enclosed in a square in ‘C’. 
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Table 5-1: The MF and EL reduction (compared to the untreated condition) after treatments with 
single or dual FD stents. The results for two FD stents are summarised with the means and standard 
deviations (SD), in which the earlier deployed stent has the same diameter as the single stent in the 
same row. 

 
Diameter 

of outer 

FD (mm) 

MF reduction (%) EL reduction (%) 

 Single 

FD 

Dual FD  Single 

FD 

Dual FD 

 Mean SD Mean SD 

Successful 

Case 

4.0 46.2 30.2 0.3 9.8 1.60 0.1 

4.5 42.7 25.2 1.8 6.4 0.7 0.2 

5.0 38.9 23.2 3.1 4.0 0.4 0.2 

 
Grand 

mean 
42.6 26.2  6.8 0.9  

Unsuccessful 

Case 

4.0 57.1 43.3 4.2 29.5 13.1 3.2 

4.5 65.3 40.3 4.9 42.8 8.3 2.4 

5.0 58.9 39.0 2.4 32.2 7.4 1.2 

 
Grand 

mean 
60.4 40.9  34.8 9.6  

MF: mass flowrate, EL: energy loss, and SD: standard deviation. 

 

 

 

Figure 5-3: FD stent configurations of treatments with single or dual FD stents for the successful 
case. The untreated case is also shown for comparison. (NT: the untreated condition; SFD: single 

FD treatment; and DFD: dual FD stent treatment.) 
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Figure 5-4: FD stent configurations of treatments with single or dual FD stents for the 
unsuccessful case. The untreated case is also shown for comparison. (NT: the untreated condition; 

SFD: single FD treatment; and DFD: dual FD stent treatment.) 

 

 

Figure 5-5: Iso-velocity surfaces of treatments with single or dual FD stents for the successful case. 
The untreated case is also shown for comparison. (NT: the untreated condition; SFD: single FD 

treatment; and DFD: dual FD stent treatment.) 
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Figure 5-6: Iso-velocity surfaces of treatments with single or dual FD stents for the unsuccessful 
case. The untreated case is also shown for comparison. (NT: the untreated condition; SFD: single 

FD treatment; and DFD: dual FD stent treatment.) 

 

 

Figure 5-7: Streamlines of treatments with single or dual FD stents for the successful case. The 
untreated case is also shown for comparison. (NT: the untreated condition; SFD: single FD 

treatment; and DFD: dual FD stent treatment.) 
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Figure 5-8: Streamlines of treatments with single or dual FD stents for the unsuccessful case. The 
untreated case is also shown for comparison. (NT: the untreated condition; SFD: single FD 

treatment; and DFD: dual FD stent treatment.) 

 

 

Figure 5-9: WSS of treatments with single or dual FD stents for the successful case. The untreated 
case is also shown for comparison. (NT: the untreated condition; SFD: single FD treatment; and 

DFD: dual FD stent treatment.) 
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Figure 5-10: WSS of treatments with single or dual FD stents for the unsuccessful case. The 
untreated case is also shown for comparison. (NT: the untreated condition; SFD: single FD 

treatment; and DFD: dual FD stent treatment.) 

5.3.1 Stent wire configurations, porosity, and pore-density 

Figures 5-11 and 5-12 present the values for porosity and number of pores within the 

neck measurement planes. As reported by Shapiro et al. [129], the mesh density would 

not just be simply doubled after the deployment of a second device, but would lie in a 

range between the conditions of completely overlapped stent wire braids and perfectly 

half-phase separated braids, depending upon the recipient artery’s morphology. In the 

present study substantial increases in mesh density was observed: for the successful 

case, the average number of pores rose from 1020 (‘SFD’) to 2260 (‘DFD’), and the 

average porosity was reduced from 60% (‘SFD’) to 45% (‘DFD’); for the unsuccessful 

case, the average number of pores was elevated from 1000 (‘SFD’) to 2090 (‘DFD’), and 

the average porosity decreased from 78% (‘SFD’) to 58% (‘DFD’). Note that the 

numbers of pores were calculated based upon the same respective measurement 

planes for the successful and unsuccessful cases; therefore, they are immediately 

correlated with the pore density corresponding to each such measurement plane. 
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Figure 5-11: Porosities within the neck plane after treatments with single or dual FD stents for 
respectively the successful and the unsuccessful cases. Stent sizes on the horizontal axis indicate the 

outer (earlier deployed) stent diameter; stent sizes represented by different colours in the legend 
indicate the inner (later deployed) stent diameter. (SFD: treatments with a single FD stent and 

DFD: treatments with two FD stents.) 

 

Figure 5-12: Number of pores within the neck plane after treatments with single or dual FD stents 
for respectively the successful and the unsuccessful cases. Stent sizes on the horizontal axis indicate 
the outer (earlier deployed) stent diameter; stent sizes represented by different colours in the legend 

indicate the inner (later deployed) stent diameter. (SFD: treatments with a single FD stent and 
DFD: treatments with two FD stents.) 

 

Figure 5-13: Relative values of intra-aneurysmal MF after treatments with single or dual FD stents 
for respectively the successful and the unsuccessful cases. Stent sizes on the horizontal axis indicate 
the outer (earlier deployed) stent diameter; stent sizes represented by different colours in the legend 

indicate the inner (later deployed) stent diameter. (SFD: treatments with a single FD stent and 
DFD: treatments with two FD stents.) 
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Figure 5-14: Relative values of intra-aneurysmal EL after treatments with single or dual FD stents 
for respectively the successful and the unsuccessful cases. Stent sizes on the horizontal axis indicate 
the outer (earlier deployed) stent diameter; stent sizes represented by different colours in the legend 

indicate the inner (later deployed) stent diameter. (SFD: treatments with a single FD stent and 
DFD: treatments with two FD stents.) 

 

Comparing the wire structures between treatments using dual FD stents, gaps can 

clearly be observed between stent layers, when a stent of smaller diameter was 

deployed into another of larger diameter, e.g. when a 4 mm stent (inner) is inside a 5 

mm stent (outer). For the successful case, the lowest pore density and the highest 

porosity were obtained when the later- and earlier-deployed stents were of identical 

diameters. For the unsuccessful case, the lowest pore density accompanies treatments 

with dual FD stents of identical diameters, whereas no obvious according trend in 

porosity was found except for the 5 mm into 5 mm case, compared to the scenarios 

with dual stents of different diameters. 
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Figure 5-15: The measurement domains selected for calculating porosity and number of pores in 
both aneurysm cases. Arrows indicate the perpendicular direction to the neck planes; rectangles 

show the boundaries of neck measurement planes; and the orange areas indicate the domains used 
for calculating the porosity and number of pores. 

5.3.2 Aneurysmal flow patterns 

Under the untreated condition, a strong impingement flow can be observed entering 

the aneurysm lumen in both cases. After the treatment with one FD stent, the 

impingement flow was markedly reduced in the successful case, whereas it remained 

strong in the unsuccessful one. With the deployment of a second stent, the successful 

case manifests no obvious impingement flow; in contrast, an inflow jet can easily be 

identified in the unsuccessful case. As can be observed in Figures 5-7 to 5-10, the WSS 

and the velocity magnitude on streamlines traversing the aneurysm sac are further 

reduced by treatments with dual FD stents. 
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5.3.3 Aneurysmal haemodynamics 

After the implantation of the second FD stent, the intra-aneurysmal MF and EL 

reductions were further improved. Relative to the values of the untreated condition, 

the average MF and EL decreased from 42.6% and 6.8% (‘SFD’) to 26.2% and 0.9% 

(‘DFD’) for the successful case; and from 60.4% and 34.8% (‘SFD’) to 40.9% and 9.6% 

(‘DFD’) for the unsuccessful case. No substantial difference was observed in post-

treatment haemodynamics between scenarios with a second FD of different diameters 

(standard deviation < 5% for both MF and EL). 

5.4 Discussion 

In this Chapter, eighteen virtual FD treatments with dual stents of different sizes 

deployed were characterised for successfully and unsuccessfully treated aneurysms. 

Results indicate that:  

1) deployment of a second FD could lead to a further reduction of intra-aneurysmal 

MF of about 20 percentage points, compared to the treatment with a single device;  

2) haemodynamic differences attributable to the size of the later-deployed device 

were modest, with a standard deviation less than 5 %; and  

3) flow diversion achieved with two stents in the unsuccessful case was similar to 

that with only one FD implanted in the successful case. (All values are relative to 

the untreated condition.) 

Each of these key findings are discussed in more detail below.  

5.4.1 Mesh density and flow diversion enhanced by the second device 

After the treatments with a second device, an additional 20 percentage points (on 

average) decrease of porosity, and an approximate doubling of pore density were 

gained, compared to the treatments with a single FD. These parameters are in good 

agreement with the mesh-density increment reported in previous multi-FD stent 

studies [129–132]. Moreover, I found that the increase in mesh density due to the 
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second device may vary from aneurysm to aneurysm: herein the unsuccessful case 

accrued a greater improvement than did the successful one (Figure 5-12). This may, 

most likely, be due to the morphological characteristics of the aneurysm parent arteries 

as discussed in the previous study. 

The larger improvement of mesh density in the unsuccessful case may be the reason 

for a subsequent greater additional reduction of aneurysm inflow: the additional MF 

reductions (see Figure 5-13) were respectively 16 and 20 percentage points for the 

successful and the unsuccessful case, and the EL reductions 6 and 25 percentage points 

— the unsuccessful case received a greater benefit from the second device. However, 

interestingly, the final flow diversion achieved in the unsuccessful case was only 

improved to a level similar to that with a single FD implanted in the successful case: 

intra-aneurysmal MF and EL values of 40.9% and 9.6% (the unsuccessful case with 

‘DFD’) versus 42.6% and 6.8% (the successful case with ‘SFD’). 

These findings indicate that: 1) the deployment of a second FD stent generally improve 

the flow-diversion efficacy, regardless of the stent diameters to be deployed or the 

morphology of the aneurysm to be treated; 2) the significance of additional flow 

diversion by a second device might be dependent upon the recipient artery’s 

morphology; and 3) it is not guaranteed that the deployment of an additional device 

would convert an otherwise unsuccessful case into a successfully treated one. 

5.4.2 Effects of different stent diameters in dual-FD treatment 

It can be observed that the overlap of two FD stents with the same diameter produced 

the lowest pore density, compared to treatments with stents of different diameters. 

This phenomenon can be explained by a previous study [129], which found that 

treatments with two identical-diameter stents can lead to a lower coverage gain than 

those with two different-diameter stents. A possible cause is that the braids of the two 

identical-diameter stents can overlap with each other due to the similar braiding angles 

post-deployment. (See Figure 5-16 for the nearly-overlapped and the uniformly 

distributed wire braid configurations observed from the simulation.)  
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Simple theories of fluid mechanics indicate that flow resistance would depend upon 

porosity as well as pore size, with pore density being a surrogate measure for the latter 

[133]. Nonetheless, a higher pore density does not necessarily produce a higher flow 

diversion, e.g. the dual 5 mm stents (with the lowest pore density observed in the 

successful case) achieved the highest flow diversion. Stent size is just a single piece of 

the puzzle that would affect haemodynamics post-treatment; the selection of stent 

diameter for a multi-FD treatment should take many factors into consideration, such 

as the possible over- or under-sizing effect, the specific geometry of a patient aneurysm, 

the region where the main aneurysm inflow occurs, etc. 

In addition, partially overlapping two stents provides an extra advantage when 

dealing with aneurysms that have a large variation in parent-arterial diameter, 

especially when the variation is large between the stent’s distal and proximal landing 

zones [129]. This technique usually applies to a fusiform aneurysm, creating a partial 

overlap of two devices, with the diameter of each stent respectively matched to that of 

the distal and the proximal landing zones. However, the haemodynamic changes for 

fusiform aneurysms following treatments applying this technique deserve further 

investigation. 

 

Figure 5-16: The stent wire configurations observed in dual-FD stent treatments with identical-
diameter stents (inner stent 5 mm, outer stent 5 mm) and with different-diameter stents (inner stent 
5 mm, outer stent 4.5 mm) for the successful case. Top row: overview of the two scenarios. Bottom 
row: magnified view of the rectangular region (identifying the aneurysmal inflow segment) outlined 

in red in the overview images. 
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Figure 5-17: Comparison of CFD simulations and angiographic medical imagery for the 
unsuccessful case. Left: CFD results of iso-velocity surfaces visualised from two different angles; 
Right: three-dimensional CTA (top) and DSA image (bottom) taken after the second FD stent 

treatment. 

5.4.3 Different haemodynamic outcomes in two patient aneurysms 

Treatments for the successful aneurysm, with a single FD device applied, resulted in 

considerable haemodynamic changes, regardless of the device diameter. This can be 

observed from the markedly weakened inflow jets, which impinge against the 

aneurysm wall under the untreated condition (Figure 5-5).  

The mechanism of a successful treatment may plausibly be explained from the 

viewpoint of haemodynamics that an effective blockage of any inflow jet might 

contribute to complete occlusion of the aneurysm. The same speculation was 

addressed and discussed in detail by Fischer et al. [134]. In addition, the study 

confirmed that even with an impressive flow diversion achieved by one FD, as in the 
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successful case, further inflow reduction is still attainable by the implantation of a 

second device. 

Unlike the successful case, the various treatments of the unsuccessful aneurysm with 

FD stents produced limited disruption of inflow, even after the deployment of a second 

FD had increased the wire density across the aneurysm ostium (Figures 5-4, 5-11, and 

5-16). The appearance and location of the persisting inflow jet observed from CFD 

simulation match the inflow lobule identified in the CTA scan taken at the 6 months’ 

follow-up after the second treatment (Figure 5-17). Observing the inadequate 

outcomes from clinical treatment, consistent with the modelling results, FD stent 

implantation might therefore be categorised as an unsuitable solution for this patient’s 

aneurysm.  

The finding of a strong persisting inflow after dual FD stent treatment in the 

unsuccessful case suggests that haemodynamic simulations prior to the real in vivo 

treatment might reveal some clues as to the sufficiency of the flow diversion effect, 

such that unsuitable treatments can be avoided, and other effective approaches can be 

considered to better benefit the patient and achieve the desired outcome. 

5.5 Limitation and Future Work 

This study has several limitations. For the simulation of stent deployment, I did not 

consider the interaction between the earlier- and the later-deployed stents, as well as 

the interaction between the stent wire and the arterial wall, due to the lack of 

information about stent mechanical properties, elasticity of arterial wall, etc. Twin 

challenges of the future work will be to obtain relevant physical property data for these 

parameters and then to incorporate this information into more complicated 

mathematical models of the behaviours of the stent and vascular wall.  

Another limitation is the quantity of patient models. I proposed to study representative 

aneurysms clinically classified as successfully treated and unsuccessfully treated, and 

the good agreement of the results with the patients’ follow-up scans provides 

reassurance as to the validity of the modelling. Still, even though distinct 
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haemodynamic outcomes were confirmed for the successful and the unsuccessful 

patient aneurysm in the present study, whether those findings apply to other cases 

may need further investigations. It is the on-going work to perform haemodynamic 

simulations for additional clinically observed cases from the aneurysm database.  

Finally, the discussion of treatment outcome relies on an association between 

haemodynamics and occlusion (or, conversely, risk of rupture), as has been presented 

previously in the literature [36,71]. Currently the ability to computationally model the 

process of thrombosis leading to partial or complete occlusion of an aneurysm is still 

being developed, although progress is being made [135,136].  

5.6 Conclusion 

In this Chapter, virtual stent deployments and haemodynamic simulations were 

performed for a total of 18 dual-FD treatments, with different combinations of stent 

diameter considered for two clinically observed aneurysms — one successfully treated 

with an FD and the other unsuccessful after two FDs were implanted.  

Using a virtual deployment technique, I first implanted FD stents of respectively three 

sizes — 4.0, 4.5, and 5.0 mm — into both aneurysms; and then deployed a second 

device of respectively the same three sizes into each of the earlier deployed ones. 

Finally, I compared the stent wire configurations across the 18 treatment scenarios, and 

investigated the post-stenting haemodynamics by computational fluid dynamics (CFD) 

simulations. 

Attributable to the second device, results indicate that 1) the stent porosity can be 

further decreased by approximately 20 percentage points and the pore-density 

doubled; 2) an additional reduction of aneurysmal inflow (around 20 percentage 

points) can be gained; and 3) diameter of the later-deployed device has limited effects 

on post-treatment aneurysmal haemodynamics (standard deviation < 5%). 

Despite a greater flow-diversion improvement resulting from the second device, the 

final haemodynamic status in the unsuccessful case was only comparable to that with 
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one FD implanted in the successful case, suggesting that FD stents might be an 

unsuitable choice for the unsuccessful aneurysm. 

This illustrates that haemodynamic simulation is helpful in the estimation of treatment 

outcome, so as to assist clinicians in choosing a favourable treatment plan. 

 





 

 

 

  

Investigation of Incomplete Stent 

Expansion Effects on Aneurysmal 

Haemodynamics 

  



Haemodynamic Simulation and Optimisation for the Flow-Diversion Treatment of  Intracranial Aneurysms 

 

Chapter 6 — Effects of  Incomplete Stent Expansion on Aneurysmal Haemodynamics 
 - 96 -  

 

6.1 Objective 

For deployment of a FD stent, complete expansion of stent wires and firm wall 

apposition of stent struts are recommended to resist post-treatment stent migration as 

well as in-stent stenosis. This is because recent experimental studies reported that a 

better wall apposition plays an important role in inducing aneurysm occlusion 

[137,138], whereas malapposition of stent wires may cause delayed stent 

endothelialisation and even pose risks for stroke-related complications [139,140].  

Although incomplete stent expansion (IncSE) — also termed stent malapposition when 

the collapse of wires occurs at the proximal or the distal end of a stent — is not a 

common condition, research into it has been recently reported thanks to the 

advancement of medical imaging approaches: e.g. optical coherence tomography 

(OCT), and high-resolution contrast-enhanced cone-beam computed tomography 

[132,140,141]. In those studies the biological consequences raised by IncSE were 

intensively investigated; however, the effects of IncSE on aneurysm haemodynamics 

have not yet been characterised, even though the haemodynamics are thought to 

constitute a vital factor that affects aneurysm occlusion [30,31,34]. 

In this Chapter, I attempt to quantify the aneurysm haemodynamics affected by 

different severities of IncSE that occurs in different segments of the aneurysm’s parent 

artery, so as to better understand the mechanism of late aneurysm occlusion related to 

IncSE. To meet this need, virtual FD treatments were performed with IncSE 

respectively modelled at two severity levels — severe (S) and intermediate (I) — 

located in the proximal, central, and distal segments of the parent artery of two 

aneurysms where IncSE was identified in the real treatment. The morphological 

characteristics of FD stents in the 14 treatment scenarios were examined and the 

aneurysm haemodynamics were investigated by use of CFD. 
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6.2 Materials and Methods 

6.2.1 Patient Aneurysms 

Institutional ethics approval was obtained before I accessed the patient aneurysm data. 

Two cavernous aneurysm treatments were studied, in which IncSE was identified by 

digital subtraction angiography (DSA) — one was located at the right internal carotid 

artery (ICA) (case ‘A’), and the other was at the left ICA (case ‘B’).  

Case ‘A’ was treated with a 5.0×18 mm Pipeline Embolization Device (PED, Medtronic 

Neurovascular, U.S.A.), and IncSE was identified within the segment of the aneurysm 

orifice. Case ‘B’ was treated with a 5.0×20 mm PED stent, in which a severe stent 

malapposition was found at the FD stent’s distal end.  

6.2.2 Classification of IncSE 

Along the length, a deployed FD stent was classified into three segments — ‘p’, ‘c’, and 

‘d’ — which respectively refer to the segment of stent proximal to the aneurysm, 

bridging the aneurysm orifice, and distal to the aneurysm. IncSE may occur within any 

of the three segments, or throughout two consecutive segments, depending upon the 

morphological characteristics of the parent artery [137]. (See Figure 6-1 for the 

morphological analysis of the parent arteries of the two cases.) 

As IncSE does not occur frequently, to investigate a wide variety of IncSE scenarios, 

FD treatments were studied with IncSE respectively modelled at two severity levels — 

severe (S) and intermediate (I) — located in each of three defined FD stent segments 

— the ‘p’, ‘c’, and ‘d’ segments — which yielded 6 IncSE scenarios (‘p-S’, ‘p-I’, ‘c-S’, ‘c-

I’, ‘d-S’, and ‘d-I’) for each of the two cases. 

As malapposition occurring in the ‘p’ or ‘d’ segment may be associated with high 

curvature of an artery [141,142], two locations (‘pM’ and ‘dM’, as depicted in Figure 6-

1) with large centreline curvature were assumed to be the positions where IncSE could 

occur. To quantify the severity of IncSE, stent diameters measured from their cross-
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sectional planes at these two locations were adopted: I assumed that a severe (S) or an 

intermediate (I) level of IncSE had a diameter of 30 or 60% of that when the stent was 

ideally deployed. Likewise, for IncSE occurring in the ‘c’ segment, stent radius 

measured from the cross-sectional plane at location ‘cM’ (see Figure 6-1) was used to 

quantify the IncSE severity: a severe (S) or an intermediate (I) level of IncSE was 

assumed to be 50 or 75% of that under the ideal deployment condition. (See Figure 6-

2 for a schematic illustration of IncSE classification.) 

 

Figure 6-1: Centreline trajectories colour-coded by curvature (row 1) and torsion (row 2); segments 
of stent where IncSE may occur (row 3); and the IncSE observed in vivo (row 4) for case ‘A’ and ‘B’. 

Red arrows indicate the observed IncSE; black arrows indicate reference location for quantifying 
degree of IncSE; and yellow dashed circles and ovals indicate the location of the labelled regions. 
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Figure 6-2: Schematic for the determination of different levels of IncSE occurring in the central 
(top) and the distal (bottom) segment of a FD stent. A central IncSE is classified by the radius 

measured from the stent cross section corresponding to the centreline point ‘cM’ — r1 (50% of r3), 
r2 (75% of r3), and r3 respectively indicate a stent at the severe level of IncSE, at the intermediate 
level, and under the fully expanded condition. A distal (or a proximal) IncSE is classified by the 

diameter corresponding to the centreline point ‘dM’ (or ‘pM’) — d1 (50% of d3), d2 (75% of d3), and 
d3 respectively indicate a stent at the severe level of IncSE, at the intermediate level, and under the 

fully expanded condition. 

6.2.3 Virtual Stent Deployment 

The PED is a flexible FD stent braided from 48 metal strands [143]. For a stent, the 

occurrence of post-treatment IncSE can be related to its length, as well as to the specific 

location of the stent tip when the sheath is withdrawn. In order to generate stent 

models for all specified scenarios, IncSE was assumed to occur only within its 

designated segment, whilst complete stent expansion was achieved in all the 

remaining segments along the stent’s length. Hence, stents of different lengths were 

modelled according to their mode of IncSE; however, the diameter of each stent was 

strictly fixed at 5 mm in all models as used in the real treatments. 

In the simulation of stent deployment, the stent was first assumed to be crimped in 

alignment with the centreline of the recipient artery, and then to expand to its 

unloaded condition, driven by the internal restoring forces. In the restoring process, a 
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contact detection algorithm was employed to stop the stent nodal movements a short 

distance (20 μm) away from the vascular boundaries [144]. 

For simulation of the ideal deployment, the constraint is only the vascular boundaries. 

For simulation of the stent deployment in which IncSE occurred, apart from the 

boundary constraints, radial expansion of stent nodes was also constrained with 

reference to the level of IncSE, corresponding to the respective location ‘pM’, ‘cM’, or 

‘dM’, i.e. stent nodes stopped expanding towards the measurement direction of radius 

(for ‘c’) or diameter (for ‘p’ or ‘d’), when the expansion reached the specified level of 

IncSE during deployment. However, nodal expansion in other directions would not be 

affected unless it triggered the boundary detection check. 

6.2.4 Aneurysmal Haemodynamics 

The patient-specific inflow conditions were acquired through phase contrast magnetic 

resonance imaging (pcMRI), and respectively set the arithmetic means of the volume 

flowrate over a cardiac cycle as the inflow boundaries for case ‘A’ and ‘B’, which were 

3.33 and 2.34 mL/s. (See Figure 6-3 for the pcMRI measurement.) At the outlet of each 

case, a zero relative pressure condition was assigned. To impose a fully developed flow 

condition, both the inlet and the outlet domain were extended 20 times the diameter 

of the ICA in respectively an upstream and a downstream direction.  

 

Figure 6-3: Flowrates measured by pcMRI at the inlets of ICA for respectively case ‘A’ and case 
‘B’. 

The vascular wall and stent wire surface were assumed to be rigid, and a no-slip 

condition was imposed at these boundaries. With acceptable justification [39], the 
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assumption of Newtonian, laminar, and incompressible fluid flow was adopted; 

steady flow simulation was performed with the blood density and viscosity set as 1050 

kg/m3 and 0.0035 Pa·s. 

The previous work presented a computational grid generation strategy for the 

simulation of aneurysms with a FD stent implanted [145]. Following the same strategy, 

a tetrahedral grid was generated with maximum sizes of 0.4, 0.1, and 0.01 mm for 

respectively volume, aneurysm surface, and stent surface using ICEM-CFD (ANSYS, 

Canonsburg, USA). I acquired the simulation results by solving the Navier–Stokes 

equations using the CFX solver for CFD in the ANSYS 18.0 package (ANSYS, USA). 

The criteria of convergence were chosen as 10−5 for the normalised continuity and 

velocity residuals. 

The stent wire configurations, parent-artery flow patterns, iso-velocity surfaces, and 

wall shear stress (WSS) were examined for each treatment scenario. I quantified the 

haemodynamic changes by calculating the pressure drop over the parent artery, the 

intra-aneurysmal mass flowrate (MF), energy loss (EL) [36], average velocity (AV), and 

velocity curl (VC) for each scenario.  

6.3 Results 

6.3.1 In Vivo and Virtually Deployed FD Stent Configurations 

Figure 6-4 (a) depicts the stent wire configurations in treatments with different degrees 

and locations of IncSE. For both patient cases I observed that stent wires collapsed 

further with the incrementing of IncSE degree; however, the achievement of adequate 

wire coverage of the aneurysm orifice was unaffected in all simulated IncSE scenarios 

(in comparison to the ideally deployment scenarios), i.e. no uncovered space can be 

observed between the stent wires and the aneurysm wall within the aneurysm orifice. 

Figure 6-5 shows the stent wire structures observed in vivo and in the present 

simulation. Comparison of these suggests that the severities of IncSE that occurred in 
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vivo are consistent with the simulated scenarios ‘c-S’ (case ‘A’) and ‘d-S’ (case ‘B’), both 

at the more severe level of IncSE.  

6.3.2 Aneurysmal Haemodynamics 

Figures 6-4 (b) to (d) respectively show: the iso-velocity surfaces (corresponding to 

0.125 and 0.065 m/s for cases ‘A’ and ‘B’), the streamlines colour-coded by velocity 

magnitude, and the wall shear stress distributions for both cases. In all scenarios, I 

observed no significant additional inflow jets caused by IncSE that enter the aneurysm 

sac from a position or following an impingement angle different from those in the ideal 

treatment. 

Figure 6-6 presents the normalised values of the intra-aneurysmal MF, EL, AV, and 

average VC measured from each scenario in comparison to the untreated condition. 

For both cases, when IncSE occurred in the central or the distal segment, the intra-

aneurysmal MF, EL, AV, and VC were respectively elevated by 2.1, 6.0, 3.5, and 5.1 

percentage points (‘central’), and by 5.4, 10.1, 5.7, and 5.6 percentage points (‘distal’) 

compared to the ideal treatments, i.e., a considerable degradation of aneurysmal flow 

reduction performance. Counter-intuitively, when proximal IncSE occurred, I 

observed an increase of the aneurysmal flow reduction, with MF, EL, AV, and VC 

decreasing by 4.4, 3.5, 6.2, and 8.1 percentage points on average, respectively. This 

effect can clearly be seen in scenarios ‘p-S’ for both cases. 

6.3.3 Pressure Drop and Flow Patterns inside the Parent Artery 

Figure 6-7 shows the shear stress distribution on the stent-wire surface, along with a 

few indicative streamlines, in scenarios where the more severe IncSE occurred in one 

of the three segments, compared with the ideal treatment for both cases.  

For scenarios where IncSE occurred in the ‘c’ or ‘d’ segment, blood flow entered the 

aneurysm sac directly from the lumen formed by stent wires. In this mode, the 

aneurysmal inflow passed through stent wires once, at the aneurysm orifice. When 

proximal IncSE occurred, the behaviour was very different. A portion of the 
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aneurysmal inflow firstly passed through the ‘collapsed’ wires into the stent lumen, 

and then entered the aneurysm sac across another layer of stent wires at the aneurysm 

orifice. Under this condition, abnormally high shear stresses were observed on the 

surface of those collapsed wires that persist in the centre of the parent artery. 

 

Figure 6-4: FD stent configurations and haemodynamic visualisations of treatments in which 
IncSE occurs at different levels of severity: (a) FD stent wire configurations; (b) iso-velocity 

surfaces; (c) streamlines; and (d) wall shear stress distributions. The untreated condition and the 
treatment with FD stents ideally deployed are also shown for comparison. 
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Figure 6-5: Comparison of stent wire configurations between virtual and in vivo deployment (DSA 
imagery) from two different camera views for the two cases. IncSE scenarios ‘c-S’ and ‘d-S’ were 

respectively compared to in vivo deployments for case ‘A’ and ‘B’. (Red arrows indicate the segments 
where stent wire malapposition occur.) 

 

Table 6-1 presents the pressure drop of blood flow through the parent artery. In both 

cases, the ideal treatment manifests the lowest pressure drop, whereas the distal IncSE 

scenarios manifest the highest, with the largest differences between them being 45 and 

40 Pa respectively for case ‘A’ and ‘B’. In each paired IncSE scenarios, the more severe 

IncSE exhibits a pressure drop higher than or equivalent to that for the intermediate 

IncSE. 

Table 6-1: Pressure drop (Pa) of blood flow from the inlet to the outlet through the parent artery in 
different IncSE scenarios for the two cases. 

 
Ideal 

Deployment 

IncSE Scenario 

‘p-S’ ‘p-I’ ‘c-S’ ‘c-I’ ‘d-S’ ‘d-I’ 

Case ‘A’ 1003 1020 1011 1030 1010 1048 1049 

Case ‘B’ 288 299 295 318 305 327 321 
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Figure 6-6: Normalised values of the intra-aneurysmal mass flowrate (MF), energy loss (EL), 
average velocity (AV), and average velocity curl (VC) measured from the ideal deployment 

scenarios (control group, indicated with ‘*’) and IncSE scenarios ‘p-S’, ‘p-I’, ‘c-S’, ‘c-I’, ‘d-S’, and ‘d-I’ 
for both aneurysms. The untreated condition (NT) represents the 100% level in each bar chart. 
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6.4 Discussion 

6.4.1 IncSE and Its Association with the Parent Artery’s Morphology 

The aneurysm treatment cases studied herein were angiographically classified as 

unfavourable due to the occurrence of IncSE. IncSE is a condition that occasionally 

occurs after stent intervention, and its effects on aneurysmal haemodynamics might be 

very negative — as demonstrated herein. Previous studies [146] concluded that the 

occurrence of IncSE can be associated with the morphological characteristics of the 

recipient artery. In addition, I found that IncSE in different segments of the parent 

artery may be caused by different factors. 

The occurrence of IncSE at the proximal or the distal end may be attributable to a 

highly-curved parent artery. This is because the restoring forces acting inside a stent, 

i.e. the force encouraging the stent to regain its unloaded status, may resist the 

intensive bending imposed by the recipient artery and thus cause the collapse of stent 

wires. Following this concept, proximal and distal IncSE were modelled at locations 

with small curvature radius in the present study, and comparison of stent 

configurations between the IncSEs generated in this study and those occurring in vivo 

demonstrate good agreement.  

Unlike the proximal or distal IncSE, the occurrence of central IncSE might be associated 

with the localised torsion of the parent artery within the aneurysm orifice. This may 

most likely be due to an enhanced radial constraint produced by the twisted wires, 

which limits the stent’s radial expansion before it reaches its unloaded condition, 

analogous to the wringing of a towel.  

To reduce the likelihood of post-treatment IncSE, two key pieces of advice may be 

given based upon the present study. Firstly, both the proximal and distal ends of a FD 

stent are recommended to be located within the parent artery where variation of its 

curvature is small — a morphological analysis of the parent artery prior to treatment 

may help to determine an appropriate length of FD stent. Secondly, when a large 

variation of the erstwhile parent artery’s centreline torsion is found immediately 
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adjacent to the aneurysm orifice, then (where applicable) the deployment of a stent 

with a larger diameter might neutralise the IncSE effect [86,87,144]. 

 

Figure 6-7: Comparisons of the parent-artery flow pattern and shear stress distribution on the stent 
surface between treatments in which IncSE occurs at three different stent segments. (Black arrows 

indicate the direction of the parent-artery flow; dashed black circles indicate the regions where 
collapsed stent wires persist in the centre of the parent artery that disrupt the parent-arterial flow.) 

6.4.2 Counter-Intuitive Aneurysmal Flow Reduction Associated with the Proximal IncSE 

The IncSE occurring at the proximal end might contribute additionally to the 

aneurysmal inflow reduction. The mechanism behind this may be the porous-medium 

effect produced by the collapsed wires that persist in the centre of the parent artery, 

which disrupted the ‘focussed’ velocity profile of the parent-arterial flow and caused 

the velocity to become more uniform throughout the lumen. This contrasts with the 

‘ideal’ deployment, in which the curvature of the proximal section of the parent artery 

caused blood flow to be focussed in the direction of the stent’s periphery, thereby 

resulting in aneurysmal inflow. This illustrates that the collapsed wires can change the 

predominant direction of the main parent-arterial stream, a parameter in close relation 

to the angle of the aneurysmal inflow [147], which can finally affect the aneurysm flow 

reduction (Figure 6-6). 

However, it should be noted that this flow-reduction improvement exists only when 

the collapse of stent wires does not introduce any additional inflow jet to the aneurysm, 

and especially that no significant additional component of the parent-artery flow 

would enter the aneurysm via a bypass route through the uncovered space between 

the stent and the vascular wall. If the occurrence of IncSE caused significant additional 
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inflow, then the aneurysmal haemodynamics could be very different, as it has been 

reported that ‘communicating malapposition 1  ’ may cause delayed aneurysm 

occlusion [137]. 

Therefore, deliberate manipulation to provoke a proximal IncSE should never be 

recommended, since manipulation of IncSE may lead to a communicating 

malapposition whereas the additional flow reduction achieved can be very limited (e.g. 

‘p-I’ of case ‘A’). More importantly, IncSE’s haemo-rheological and mechano-biological 

effects are reported to be extremely hazardous: neointimal coverage on stent struts and 

stent endothelialisation may be disrupted due to the poor vessel wall apposition 

[138,139,148]; the blood cells then tend to coagulate at those IncSE segments, causing 

thromboembolic or ischemic events [149,150]. 

6.4.3 IncSE-Induced Elevated Pressure Drop Increases the Aneurysmal 

Inflow 

The occurrence of central or distal IncSE can lead to a marked deterioration of the 

stent’s flow-diversion performance. Observation of aneurysmal haemodynamics 

revealed that the degraded flow diversion may be related to an elevation of pressure 

drop over the aneurysm segment, due to the ‘stenosed’ stent wires in the parent artery. 

Fundamental theories of fluid mechanics can be used to explain the mechanism behind 

this phenomenon: that blood flow passing through a gradually (e.g. IncSE occurring in 

the ‘c’ segment) or a suddenly (e.g. stent malapposition observed in the ‘d’ segment) 

narrowed wire ‘tunnel’ may encounter an increased hydraulic resistance. As a 

consequence, this resistance may force more blood that remains within the stent lumen 

to leak into the aneurysm sac, causing a considerable increase of the aneurysmal inflow, 

as seen with MF values in Figure 6-6. The elevated pressure drop observed in the 

central and distal IncSE scenarios can be considered evidence of the increased 

hydraulic resistance.  

                                                           
1 A communicating malapposition refers to the IncSE that exists proximally to the aneurysm and continues 
into the aneurysm neck. 
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Hence, IncSE occurring in the central or distal segment of a FD stent should also be 

strictly avoided, due to concerns of the possible deterioration of flow-diversion efficacy 

and post-treatment complications such as in-stent thrombotic occlusion, etc.  

6.5 Limitations 

Several limitations exist in this study. First, the investigation of IncSE did not consider 

its effect on treatments with FD stents of different diameters, while stent diameter was 

reported to be a factor that may affect the treatment outcomes [55]. Second, although 

IncSE was found to have occurred within only one segment of the parent artery of the 

two patient cases I studied, it should be noted that IncSE can occasionally occur in two 

sequential segments.  

6.6 Conclusion 

Based on two patient aneurysms in which IncSE was identified post FD treatment, 

fourteen treatment scenarios with different severities of IncSE occurring at different 

segments of the parent arteries were characterised. It has been found that the effects of 

IncSE on aneurysmal haemodynamics vary greatly with respect to the location where 

it occurs, from potentially causing a counter-intuitive improvement in aneurysmal 

flow diversion to causing a deterioration in performance. Morphological analysis of 

the parent artery, virtual FD treatment, and subsequent CFD simulations prior to the 

real treatment might help evaluate the risk of IncSE and thus contribute to the planning 

of an optimal treatment. 
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7.1 Objective 

As two feasible strategies for improving flow-diversion efficacy post-treatment, the 

stent compaction technique and multi-FD stent deployment are frequently applied in 

the flow-diversion interventions of IAs. Although they have been studied in detail in 

Chapters 4 and 5, comparisons of haemodynamic changes and flow-diversion 

improvements resulting from these two strategies have not yet been discussed.  

In this Chapter, I seek to contrast the haemodynamic changes resulting from FD 

treatments with these two strategies applied, based on the simulation results obtained 

in Chapters 4 and 5. 

7.2 Materials and Methods 

7.2.1 Treatment scenarios selected for comparison 

Six scenarios from virtual treatments of the unsuccessful aneurysm case were selected 

to contrast their haemodynamic changes caused by different treatment strategies. The 

unsuccessful case was chosen as the focus because it requires additional flow diversion, 

whereas the successful case could be treated with just one uncompacted FD. 

These 6 scenarios were categorised into three groups:  

1) conventional single FD stent implantations using stent diameters of 4 or 5 mm, 

without stent compaction applied (scenarios ‘D4npt’ and ‘D5npt’);  

2) single FD stent implantations using stent diameters of 4 or 5 mm, with a high-

level compaction (corresponding to a compaction ratio of 80%) applied (scenarios 

‘D4cp80’ and ‘D5cp80’); and  

3) dual-FD stent treatments with stent diameters of 4 and 5 mm (scenarios ‘D4into5’ 

and ‘D5into4’, meaning a 4 mm stent was deployed into earlier-deployed 5 mm 

one, neither with compaction applied, and vice versa). 
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In this Chapter, the classification of stent compaction level, as well as the simulation of 

virtual stent deployment with compaction applied, was the same as that described in 

Chapter 4 (see Section 4-2 for a detailed description). The same protocol for simulation 

of multi-FD stent deployment as that reported in Section 5-2 was adopted.  

7.2.2 Haemodynamic simulation 

The haemodynamic simulation results under the inlet flow condition of 130 mL/min 

and the outlet pressure of a constant 0 Pa were selected for comparisons in this Chapter. 

The assumptions of incompressible Newtonian laminar flow, as well as the settings of 

viscosity and density of blood flow, were the same for the 6 treatment scenarios, as 

respectively reported in Section 4-3 and Section 5-3.  

The values of intra-aneurysmal mass flowrate (MF) and energy loss (EL) were 

calculated after these 6 treatments. The calculation methods for MF and EL were the 

same as reported in Section 4-3 and Section 5-3. The MF and EL under the untreated 

condition are also given for comparison. 

7.3 Results 

7.3.1 Differences in flow-diversion efficacy 

The changes of intra-aneurysmal MF and EL following the 6 treatments were presented 

in Table 7-1.  

As can be seen, both MF and EL were drastically reduced post-treatment, compared to 

the untreated condition. Treatments with a single FD result in a similar level of flow 

diversion (for respectively ‘D4ncpt’ and ‘D5ncpt’, MF: 56.6 % vs. 58.6 % and EL: 29.0 % 

vs. 31.7 %, relative to the untreated case). A greater flow diversion was observed in 

treatments with stent compaction applied: herein ‘D4cp80’ and ‘D5cp80’ respectively 

decreased the MF to 17.1 and 30.8 %, and EL to 16.6 and 28.7 %, of the untreated 

condition. The stent wire configurations markedly differed in dual-FD treatments, 
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however the flow diversions achieved in ‘D4into5’ and ‘D5into4’ were similar: MF and 

EL of 41.5 and 7.8 % versus 42.0 and 9.6 %. 

It can be found that the highest flow diversion occurred in the treatment using a FD 

stent of 5 mm with a compaction of 80%. Comparing treatments with different FD stent 

diameters, the flow diversion achieved exhibited no obvious distinctions (≤ 3 % in the 

reductions of intra-aneurysm MF and EL), except for those deployed with compaction 

technique applied, with differences of 11.7 and 9.4 % in post-treatment MF and EL 

(‘D4cp80’ and ‘D5cp80’). 

Table 7-1: Haemodynamic parameters calculated before and after the six treatment scenarios. 

Treatment 

scenario 

Haemodynamic parameter 

Mass Flowrate 

(10−3 kg/s) 

Energy Loss 

(10−6 kg·m2/s3) 

NT* 4.103 25.103 

D4ncpt 2.321 7.270 

D5ncpt 2.405 7.955 

D4cp80 1.620 3.115 

D5cp80 1.141 0.755 

D4into5 1.704 1.947 

D5into4 1.722 2.417 

* NT: the untreated condition. 

7.3.2 Observation of intra-aneurysmal haemodynamics 

The FD stent wire structures, the streamlines traversing the aneurysmal sac, and WSS 

distributions were shown in Figure 7-1. The untreated condition is also shown for 

comparison. Figure 7-2 demonstrate the different relative MF and EL values post-

treatment in the 6 scenarios. 

Under the untreated condition, a strong impingement inflow can be identified entering 

the aneurysm sac through the proximal end. Post-treatment, the strong impingement 

inflow was reduced in all treatment scenarios, while the treatment using a single 5 mm 

stent with an 80 % compaction accrued the best inflow reduction. Although the stent 

structures markedly differ in the dual-FD treatments, the post-treatment aneurysmal 

flow patterns are very similar (Figure 7-1). 
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Figure 7-1: FD stent configurations and haemodynamic visualisation of the six treatment scenarios. 
The untreated case is also given for comparison. (Left column: FD stent configurations; yellow is 4 
mm; blue is 5 mm. Middle column: flow streamlines. Right column: WSS distribution. Rows 1 to 7: 

treatment scenarios ‘NT’, ‘D4ncpt’, ‘D5ncpt’, ‘D4cp80’, ‘D5cp80’, ‘D4into5’, and ‘D5into4’.) 
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7.4 Discussion 

7.4.1 Comparison of haemodynamics in different treatment scenarios 

Comparing treatments with stent compaction technique applied with multiple stent 

implantation, the additional increases of flow diversion efficacy were both around 

20 %. In addition, the highest flow diversion was achieved by using a single FD with 

compaction applied (‘D5cp80’), rather than by using two FD stents (‘D4into5’ and 

‘D5into4’). This suggests that the stent compaction technique might be beneficial to 

patients, since a decreased metal exposure rate in the parent artery plausibly avoids 

the risk of post-stenting in-stent stenosis, a serious complication of FD intervention 

[96,99,151]. 

Although FD stent implantation with compaction technique applied shows a greater 

benefit in producing higher flow diversion, it should also be noted that a strong 

compaction executed during deployment might push the stent wires into the 

aneurysm sac, causing treatment failure.  

Furthermore, evaluation of treatment outcomes can vary with respect to the 

haemodynamic parameter (or parameters) selected: e.g. post-treatment intra-

aneurysmal MF in ‘D4cp80’ was greater than those in treatments with dual-FD stents, 

whereas the intra-aneurysmal EL reduction was less than those in the latter two cases. 

This implies that an overall evaluation of all prospective treatments, and a 

prioritisation of metrics, may be needed before an optimised treatment plan can be 

determined. 

7.4.2 Effects of stent diameter vary with respect to the treatment strategy 

Observing the stent structures in dual-FD stent treatment, I found a wide gap between 

the 4 mm (inner) and 5 mm (outer) stent layers across the aneurysm ostium. 

Treatments with a similar mode to this may need further considerations, as a risk of 

stent migration might be posed when the inner smaller-diameter stent cannot firmly 

attach to the outer larger-diameter stent in the remaining parent artery segment. 
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Haemodynamic consequences can also differ with respect to device diameters: an 

average difference of 10% in flow diversion was observed between treatment scenarios 

‘D4cp80’ and ‘D5cp80’ (Figure 7-2). This suggests that a treatment rehearsal prior to a 

real in vivo treatment might help clinicians determine a favourable treatment plan.  

7.4.3 Clinical relevance of designing a favourable treatment plan 

The aneurysm model used was clinically categorised as unsuccessfully treated — a 

residual aneurysm lobule was identified 6 months after FD intervention. Applying 

computer simulation to review a set of treatment scenarios may provide some clues of 

treatment failure from the view point of haemodynamics: e.g. the discovered poor 

flow-diversion efficacy and complex intra-aneurysmal flow patterns in treatments 

with a single FD stent are in agreement with the clinical treatment outcomes.  

If computer simulation can be applied to quantify the haemodynamic consequences of 

a variety of prospective treatments that may plausibly be used in the real treatment, 

neuroradiologists may have something more than experience in deciding a favourable 

treatment plan. For example, scenario ‘D5cp80’ may be a promising treatment strategy, 

as it can reduce the EL to just 3 % of the untreated value; as suggested by a previous 

study, treatments that reduce EL to below 10 % of the untreated value may favour 

complete aneurysm occlusion.  

 

Figure 7-2: Relative mass flow rate and energy loss values for the six treatment scenarios. (The 

untreated condition, NT, represents the 100% level.) 
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7.5 Limitations 

Limitations have been discussed in sections 4.6 and 5.6. In addition, herein there has 

been no consideration of combining a compaction technique with dual-FD stent 

intervention in a given patient aneurysm. It is a future direction to study the 

combination of stent compaction with multiple FD stent treatment in a series of 

aneurysm cases. 

7.6 Conclusion 

In this Chapter, the intra-aneurysmal haemodynamic changes after 6 virtual FD 

treatments were demonstrated.  

Results suggest that:  

1) both the stent compaction technique and multi-stent implantation effectively 

reduced the aneurysmal inflow;  

2) the treatment strategy, as well as the FD device size, may considerably affect the 

treatment outcome; and  

3) a treatment rehearsal prior to the real treatment may assist neuroradiologists in 

determining a favourable treatment plan. 
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8.1 Conclusion 

In interventional practice, deploying a flow-diverting (FD) stent has become an 

important treatment mode for intracranial aneurysms (IAs). In particular, FD stent 

implantation is regarded as the only method for those wide-necked or fusiform IAs 

that previously went untreated. Nonetheless, a number of patients suffer from post-

stenting complications, including notably in-stent stenosis and incomplete aneurysm 

occlusion, suggesting the necessity of intensive investigation of measures that would 

prevent those complications. 

In response to this need, with an intention of individualising the FD stent design and 

deployment, four main investigations were set up in the present thesis: 

1) a stent structural optimisation study, which pursues high flow diversion by 

accommodating FD wire configuration to a given patient aneurysm geometry; 

2)  a haemodynamic investigation of FD treatments with a stent compaction 

technique applied to devices of various diameters; 

3) a haemodynamic study of dual-FD stent treatments with various combinations 

of device diameter under different deployment sequence; and  

4) research into the effects of incomplete stent expansion on aneurysmal 

haemodynamics, with various levels of stent malapposition occurring at 

different segments of the parent artery. 

Details of the four studies have been elaborated in Chapters 3, 4, 5, and 6, respectively. 

To discover the differences between the extra flow diversions generated by the “stent 

compaction” technique and by implantation of an “additional device”, representative 

results from Chapters 4 and 5 were selected and compared in Chapter 7. 

Results of the present thesis indicate several new findings. Although they have been 

listed and discussed respectively in each Chapter, it would be remiss not to mention 

here the following: 

• the flow-diversion efficacy of a FD device depends not only on its porosity, but 

also on its structural design corresponding to a patient aneurysm geometry, 
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suggesting the possibility of improving the treatment outcome by an 

individualised stent design (Chapter 3); 

• the flow-diversion efficacy could be drastically improved when the “bundle of 

inflow” of an aneurysm was effectively blocked, or disrupted (Chapter 3); 

• the increase of flow diversion with respect to stent compaction ratio follows a 

linear trend (R2 > 0.85), suggesting that treatment with an appropriate level of 

stent compaction should be encouraged where applicable (Chapter 4); 

• a 25% increase in compaction ratio leads to a further flow-diversion 

improvement of 10 % on average, whereas the same level of compaction applied 

to stents of different sizes yields a maximum difference of around 10 % in flow 

diversion (Chapter 4); 

• attributable to the implantation of an additional FD stent, the porosity finally 

achieved could be decreased further by around 20% and pore density doubled 

(Chapter 5); 

• the effects of the second FD stent’s diameter on haemodynamics are modest, with 

a standard deviation less than 5 % (Chapter 5); and  

• the effects of incomplete stent expansion on aneurysmal haemodynamics are 

closely associated with the location where it occurs, from potentially causing a 

slight increase of aneurysmal flow reduction to resulting in a severe degradation 

of aneurysmal flow diversion (Chapter 6). 

Along with these key findings, the present thesis certainly has valuable impacts on 

future practice of FD stent intervention, as well as on future research and development 

of FD stents: 

Firstly, an automated design optimisation method was developed, which is the first 

feasible approach that can be readily applied to design optimisation of 

commercially available stents; this is because the optimal stent configurations 

obtained using the developed algorithm retain the filament braiding structure of 

those FD stents on the market. 
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Secondly, performing virtual stent deployment, I noticed a dangerous morphological 

characteristic that deserves special attention from the treating clinicians — a highly-

curved parent artery with the aneurysm located at the curvature ‘apex’. FD stents 

deployed along highly-curved arteries can result in a considerable compromise of 

the metal coverage ratio achieved, compared to those deployed along less-curved 

ones. 

Thirdly, based upon the haemodynamic analyses, I recommend that additional 

attention should be paid to those cases with ‘gaps’ existing between the parent 

artery wall and the FD stent wires; the main stream of blood flow in the parent 

artery may have a chance to enter the aneurysm sac through the ‘gap’, causing 

treatment failure. 

Furthermore, I demonstrated a feasible approach for treatment rehearsals, and found 

that the flow diversion achieved in the unsuccessfully treated case may be 

improved to a level similar to that in the successful one, either with a Level-IV 

compaction applied or with an additional FD stent deployed.  

If the treating clinicians could have performed such treatment rehearsals, or had 

had access to predictive modelling results illustrating the wire configurations of a 

virtually deployed FD stent and its subsequent haemodynamic outcomes, it is 

possible that they could have better treated the patient by a more favourable plan 

determined by haemodynamic simulation. 

Finally, the FD stent modelling technique, the classification of stent compaction, and 

the in-house programs developed for virtual stent deployment etc. would certainly 

contribute to the future studies of FD stent design and treatment planning. 

8.2 Outlook 

Future work that is recommended to follow on from the present thesis includes mainly 

the following five points: 1) examining a larger cohort of aneurysms located at different 

segments of the brain artery, to confirm the trends identified in the thesis of flow-

diversion improvement with respect to stent-compaction level and to the number of 
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stents implanted; 2) enhancing the current virtual stent deployment method, and 

enabling it to simulate the interaction between the stent and the arterial wall, as well 

as the interaction between the later- and the earlier-deployed stents while they are 

being deployed; 3) including more configurations of incomplete stent expansion 

scenarios with FD stents of different diameters that are malapposed at a series of 

consecutive parent artery segments, to integrate the investigation of all possible stent 

malapposition scenarios; 4) applying the current analysis strategy to a larger number 

of treatments clinically categorised as successful or unsuccessful, to examine the 

relevance of the predictive haemodynamic parameters used in the current thesis; and 

5) establishing a reliable blood-clotting simulation strategy and incorporating it into 

the current virtual treatment simulation to more directly evaluate the possible 

treatment outcomes. 
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