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ABSTRACT 

Modelling vascular pathologies and associated interventions using computational fluid 

dynamics (CFD) techniques can improve pre-surgical planning. This study examines 

arteriovenous malformations (AVMs), which involve the direct shunting of high-pressure 

arterial blood into low-pressure venous circulation, leading to severe ischemic events 

(strokes, seizures, etc.) for which coil embolisation, aimed at complete flow blockage, is 

the preferred intervention technique. 

Vascular parameters, including blood rheology, patient-derived vasculature, and 

haemostasis, were computationally replicated to augment physiological accuracy, while the 

flow blockage of the embolising coil and clot formations were modelled through cell-based 

porous media approaches.  

This investigation evaluates AVM characteristics and treatment efficacy, emphasizing the 

impact of coil number and insertion angle on flow reduction and thrombogenesis. Results 

indicate that a minimum of three coils are required for successful embolisation, while the 

preferred insertion angle was determined to be that which is aligned with the blood vessel 

axis, i.e., a 0° angle of insertion. 
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NOMENCLATURE 

𝑠 Arc length [m] 
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1 INTRODUCTION 

1.1 Background Information 

Arteriovenous Malformations (AVMs) are vascular abnormalities which allow the 

intermixing of high pressure arterial and low-pressure venous blood flow through a variety 

of interwoven vessels and/or capillaries (Yakes & Baumgartner, 2014), in the absence of a 

capillary bed (location of blood-tissue perfusion). Arteries entering the AVM are referred 

to as feeder arteries, the bundled capillary network as the nidus and the exiting veins are 

known as draining veins. AVMs are typically found in the brain (47,4%); however, they 

may occur outside of the nervous system, i.e., in the extremities (28,5%) (Uller et al, 2014) 

where they are termed peripheral (pAVMs).  AVMs have a global prevalence of 10 - 18 

individuals per 100,000 (Rutledge et al, 2014), and thus are relatively rare yet clinically 

significant, posing considerable risks to the affected. 

AVMs can present as a variety of different structures depending on their biological 

environment, surrounding anatomy and vascular tree. For example, a conglomeration of 

multiple feeder arteries shunting into a singular vein may cause the vein to swell, becoming 

aneurysmal (IIIa), i.e., exhibiting swelling of the arterial wall. The Yakes classification 

scheme is an established, simple categorisation of different AVM types as listed in Table 1, 

wherein the AVMs are arranged in order of increasing complexity and potential risk.  

Table 1: Yakes AVM classification {A-Arterial, V-Venous} 

Type I: A direct artery-to-vein attachment without interconnecting nidus. 
 

Type II: Multiple feeder arteries attached via an interconnecting nidus which 

drains into multiple outflow veins.  

 

Type IIIa: Multiple inflow arterioles shunt into a draining aneurysmal vein 

wall that has a single outflow vein.  

 

Type IIIb: Multiple feeder arterioles shunt into an aneurysmal vein with 

multiple outflow veins. AV tubes infiltrate the aneurysmal vein wall. 

 

Type IV: Multiple arteries/oles form micro-fistulae that diffusely infiltrate the 

affected tissue, while interspersed capillary beds maintain viability. 

 

 

A V 
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AVMs commonly originate as congenital lesions, present from birth, which remain dormant 

during childhood and worsen over time. AVMs may also develop during adolescence and 

rarely adulthood. Left untreated, AVMs cause significant and potentially lethal symptoms, 

often related to their rupture, e.g., various forms of ischaemia (inadequate blood supply) 

such as gangrene, haemorrhage (internal bleeding), stroke, and seizures (Barreau et al, 

2014) as well as cardiac overload and heart failure (Uller et al, 2014). The AVM mortality 

rate is 10 – 15% (Bokhari & Bokhari, 2023), while 23 − 40% (Majamdar & McWilliams, 

2020) of AVM haemorrhage survivors suffer from significant difficulties. 

Arteriovenous Malformations and related pathologies (e.g., aneurysms) are notoriously 

difficult to treat, generally requiring extensive surgery and post-surgical care. Prevalent 

treatment strategies for AVMs include endovascular (within blood vessels) embolisation, 

microsurgery and stereotactic radiosurgery (SRS), however, recent advancements in 

transcatheter embolotherapy, the targeted delivery of flow-blocking agents (chemical or 

physical) through blood vessels, have established it as the standard of care. As illustrated 

in Figure 1 with data taken from Nataraj et al (2014), over 50% of AVM treatments 

currently involve endovascular embolisation and as a practice it is also frequently combined 

with other treatment modalities, reflecting its growing prominence in AVM management. 

 

Figure 1: Distribution of AVM treatment techniques 
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Endovascular embolisation, as with other endovascular treatment options, is minimally 

invasive and reduces the risks that are generally associated with open surgery such as 

infection and extended recovery times. Furthermore, coil embolisation allows precise 

targeting and occlusion of abnormal vessels while sparing surrounding healthy tissue.  

Another advantage of coil embolisation specifically, is its versatility, as it can be tailored 

to the patient’s individual anatomy and the AVMs characteristics, offering a personalised 

approach to treatment. For example, where surgical resection or radiosurgery may be 

challenging, embolisation serves as a preparatory step, reducing the AVMs blood flow and 

volume, thereby minimise intraoperative bleeding and improving overall outcomes. 

Transcatheter embolisation is a widely used endovascular treatment that involves 

delivering embolic agents, such as coils or chemicals, via a catheter to the site of a diseased 

vessel (Osuga et al, 2006). An example of a coil embolisation is illustrated and annotated 

in Figure 2, where a continuous coil is used for the embolisation procedure. 

 

Figure 2: Transcatheter coil embolisation (Teigen, C., 2015) 

Several complications are associated with endovascular procedures, including vessel wall 

trauma, distal thromboembolism (travelling blood clot which blocks blood flow), and 

vessel perforation (Wani et al, 2012) resulting from the pressure that the catheter applies to 

vessel walls. Another complication of this surgery is the inadequacy of current methods in 

the evaluation of a successful embolisation. The rate of recurrence for AVMs treated with 

coil embolisation has been purported to be as high as 25.5% in the long-term (Wani et al, 

2012) and can be attributed to insufficient vessel embolisation. Furthermore, an AVM 

which has revascularized (restored blood flow) can increase the risk of haemorrhage, 

excessive bleeding, ulcerations, and the destruction of healthy tissue (Linh et al, 2022).  
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1.2 Research Motivation 

In Africa and particularly in South Africa, the burden of vascular diseases such as AVMs is 

increasingly significant. Stroke, sometimes resulting from AVMs, is a leading cause of 

death and disability, with an estimated incidence of 244 per 100,000 people per year and 

an observed mortality rate of 144 per 100,000 people per year in rural South Africa 

(Maredza et al, 2015). This is compounded by limited and disparate access to advanced 

diagnostic and treatment technologies, contributing to a higher mortality rate compared to 

other regions (WHO, 2022), as well as a high prevalence of hypertension, a major risk 

factor for vascular diseases. The same reported that diagnostic challenges are exacerbated 

by a shortage of specialized medical professionals and limited availability of advanced 

imaging techniques, such as MRI and CT angiography, which are essential for accurate 

diagnosis and treatment. Moreover, economic constraints and healthcare infrastructure 

inequalities further hinder the effective management of AVMs, making innovative research 

and development in this area crucial. 

Pre-surgical planning plays a crucial role in enhancing the potential for success of surgical 

interventions by providing clinicians with valuable insights into pathological structures and 

their characteristics before performing procedures. This proactive approach not only 

improves treatment selection but also reduces costs and increases procedural efficiency, 

ultimately minimising surgical time. In the context of endovascular coil embolisation for 

AVMs, the primary objective is to achieve complete occlusion. Despite this goal, high 

recurrence rates undermine the success of these procedures. Currently, there is no 

established quantitative framework to guide the design of effective surgical plans, leaving 

a gap in the ability of clinicians to objectively assess and optimise procedural success. 

This research aims to address this by developing quantitative methods for pre-surgical 

planning that enhance the outcomes of coil embolisation. By incorporating metrics such as 

coil insertion parameters and flow rate reduction, this study seeks to provide an initial 

framework for improving procedural success rates. The lack of a quantitative relationship 

to inform surgical planning underscores the need for such advancements, as existing 

methods do not adequately support the objective evaluation of procedural effectiveness. 

Emerging technologies, such as robotic arm catheter insertion, offer promising 

opportunities for this research. These technologies allow for the variation of coil parameters 

during interventions, which can be computationally extended to study their impact on 

embolisation outcomes. Furthermore, common AVM co-morbidities such as hypertension 

may also be studied computationally using parametric variation.  
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Leveraging these advancements, this study develops and validates a pre-surgical planning 

workflow, aiming to refine the accuracy and effectiveness of endovascular procedures with 

the ultimate goal of enabling the future development of integrated pre-surgical tools. 

Addressing these gaps, this research will not only enhance the scientific understanding of 

AVM coil embolisation but also contribute to the establishment of new standards for pre-

surgical planning. This will, in time, contribute to more successful interventions, improved 

patient outcomes, and a more objective assessment of procedural success. A structured 

motivation may be found in Figure 3. 

 

Figure 3: Research framework and motivation 
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1.3 Literature Review 

The computational assessment of clinical interventions involves a detailed evaluation of 

the treatment mechanism, procedural approach, and the determination of its success within 

a clinical context. Furthermore, vascular interventions, such as those targeting AVMs 

require a consideration of physiological properties, including the complex and tortuous 

nature of vascular networks, blood rheology, pulsatile blood flow, and the viscoelastic 

behaviour of vessel walls. Additionally, the potential for thrombus (blood clot) formation 

and its subsequent impact on blood flow requires attention, especially when evaluating the 

efficacy of embolisation or other flow-diverting procedures.  

Ultimately, the characteristics of the vascular system that must be accurately accounted for 

through computational models are dictated by the specific goals and implementation of the 

surgical procedure. As such, the surgical overview and dominant vascular system 

characteristics generally resolved through computational methods are presented here.  

1.3.1 Clinical considerations 

The success of an AVM coil embolisation procedure can be defined by the complete 

occlusion (blockage) or obliteration of the AVM. An ill-planned or unsuccessful treatment 

can result in AVM revascularisation and re-occurrence (Uller et al, 2014). Furthermore, a 

partial occlusion during coil embolisation has the potential to be harmful, as it may lead to 

increased haemodynamic stress, especially on fragile vessels, elevating pressure within the 

AVM and increasing the risk of rupture (de Leacy et al, 2022). An AVM may even be 

rendered proliferative from a dormant state by partial occlusion (Yakes & Baumgartner, 

2014). However, the evaluation of the efficacy of an AVM coil embolisation is subjective, 

requiring vascular surgeons to conduct at least one of two postoperative observations:  

 Visually discern if contrast agent (CA) moves through the embolised region. 

 Postoperative patient monitoring for symptoms of incomplete obliteration.  

As suggested in the list above, visualisation-based techniques, such as MRI and CT 

imaging, are integral to the clinical assessment of AVMs but are inherently limited by 

stochastic variation and subjective interpretation of clinical metrics. Variability in image 

quality, inter-observer differences, and the absence of standardised metrics can lead to 

inconsistent evaluations of  factors such as flow dynamics and treatment efficacy.  

The velocity and pressure reduction through the AVM has been employed as a means of 

monitoring AVM treatment by a multitude of papers in literature including Franzetti et al 

(2021) and Zhang et al (2020). 
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An example of the results of this method is shown in Figure 4, wherein a successful 

occlusion has been defined computationally and experimentally as when the AVM exhibits 

no internal flow, i.e., complete occlusion. However, this measure has not been associated 

with AVM intervention procedures or surgical metrics of success. 

Figure 4: AVM flow rate reduction by consecutive intervention stages (left) (Franzetti et 

al, 2021) and pressure drop changes due to an AVM (right) (Zhang et al, 2020) 

Literature concerning intra-aneurysmal flow, as published by Babiker et al (2013) has 

postulated a means by which vascular clinicians can intra-operatively quantify the degree 

of coil embolisation, namely coil packing density. As exhibited in Figure 5, the coil packing 

density is described as a percentage of the total flow volume (in this case saccular volume) 

occupied by the embolising coil. Also shown is that as the saccular coil packing density 

increases, the inlet flow vectors reduce.  

Linking coil packing parameters, such as packing density and the flow reduction through 

the AVM requires a limiting condition which relates a known flow state to a successful 

procedure. Furthermore, total occlusion during a coil embolisation is strongly dependent 

on clotting, which will thus also need to be considered. Clot formation and growth are 

strong functions of blood flow shear rate as described by Casa et al (2017). Ultimately, an 

objective metric vascular surgeons can use to improve the likelihood of success of an AVM 

coil embolisation could be derived by relating coil packing, AVM flow and clotting. 

 

 

 

 

Figure 5: Coil packing density in an aneurysmal sack (Zhang et al, 2020) 

0 % 19.7 % 36.5 % 
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1.3.2 Current modelling techniques 

An overview of the numerical techniques used in the modelling of the various components 

of the embolisation procedure and their adaptation in literature are compiled herein. 

Vascular geometry modelling 

Current literature on vascular flow modelling specifically relating to AVMs incorporates a 

variety of techniques including lumped resistance electrical network models (Zhang et al, 

2020), in vitro cast and patient-specific modelling (Babiker et al, 2013) as well as 

combinations of CFD simulations and validatory experimentation (Kaneko et al, 2020). 

The data shown in Figure 6 corresponds to the latter case, wherein both the computational 

and experimental modelling of an arteriovenous malformation are shown. 

 

Figure 6: AVM flow models including (a) MRA of the AVM, (b) simplified in vitro casts 

of the AVM structure and (c) CFD simulation of the AVM geometry (Kaneko et al, 2020) 

Figure 6, taken from Kaneko et al (2020), showcases different stages of the most recent 

vascular and AVM modelling techniques. Beginning with (a), the patient-specific geometry 

is derived from MR (Magnetic Resonance) imaging which allows the fabrication of (b) a 

simplified in vitro cast/print of the AVM and which also informs (c) CFD simulation of 

blood flow through the nidus, as highlighted using the red box in (a). Notably, such 

geometric simplifications are often required due to insufficient imaging resolution or field 

of view, e.g., in this case the patient-derived topology was scaled to a planar fabrication 

through the adaptation of artificial feeder arteries and draining veins.  
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An example of clinically relevant results from recent computational aneurysmal research 

is detailed in the work of Teixeira et al (2020), wherein a Fluid-Solid-Growth framework 

is presented for modelling intracranial aneurysm evolution. Combining patient-specific 

segmentation, CFD, and mechanobiological modelling, regions of low wall shear stress and 

high oscillatory flow were identified and linked to localised degradation of aneurysmal 

walls, the formation of secondary blebs (local outpouchings), and increased rupture risk. 

The results of the implementation of this framework are exemplified in Figure 7. 

 

Figure 7: Localised degradation of aneurysm walls (Teixeira et al, 2020) 

In addition, other approaches for modelling aneurysms for clinical applications are 

reviewed by Friesen et al (2021), which discusses the use of techniques including CFD, 

machine-learning, and deep learning-based prediction to enhance personalised treatment 

strategies and improve rupture risk assessment.  

Embolisation coil modelling 

Embolisation coil geometries are notoriously challenging to model computationally due to 

their intricate and convoluted shapes. Various strategies have been applied, with one 

common approach being the use of porous media models, in which the coil geometry is 

simplified into a manageable uniform porous region, as described by Umeda et al (2017) 

and Kyung et al (2007). In such models, the porous medium is characterised by constant 

porosity or resistance, providing an averaged approximation of flow resistance. Typically, 

the equivalent uniform porosity is calculated by assessing the pressure drop and flow rate 

across a known coil segment, applying equations like Darcy’s to determine a mean porosity 

value. These models are computationally efficient and reduce memory demands, offering 

a practical approach for estimating flow impedance without resolving the coil structure. 
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However, as noted by Panneerselvam et al (2023), “a homogenous porous medium does 

not account for finer details of the coil distribution”. This limitation underscores the 

inadequacy of uniform porosity models in capturing local variations in coil density and 

geometry, which can significantly affect flow patterns and shear rates within the coil region. 

Notably, tortuosity, reflecting the curvature and complexity of the flow paths, plays a 

critical role in defining high-shear regions. By accounting for porosity but neglecting 

tortuosity, uniform models fail to capture the pronounced curvature of streamlines near 

densely packed coil regions, misrepresenting shear stresses and flow resistance. This lack 

of spatial and geometric detail can lead to oversimplified flow predictions, limiting the 

model’s clinical applicability, particularly for patient-specific insights into flow obstruction 

and clot dynamics in embolisation procedures. 

Blood rheology and flow modelling 

Blood cells range in size from approximately 2 (platelets) to 20 μm (white blood cells) and 

make up a heterogeneous fluid which behaves in a fundamentally different manner to 

classical Newtonian fluids. As shown in Figure 8, whole blood (blood with all its liquid 

and solid constituents) exhibits a non-Newtonian behaviour, whereby it does not maintain 

a constant viscosity with changes in shear rate. Rather, whole blood is shear-thinning and 

thus its viscosity reduces as shear rate increases until a point at which the trend plateaus at 

a viscosity of  ≈ 4 mPa ∙ s when the blood flow shear rate approaches 200 sିଵ.  

 

Figure 8:The general non-Newtonian, shear thinning behaviour of whole blood      

(Cherry & Eaton, 2013) 
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Patient-specificity is a pre-requisite for obtaining useful data for individual patients due to 

the highly tortuous and distinct nature of AVMs, however the effect of considering both 

pulsatile blood flow as well as non-Newtonian blood rheology with respect to AVM 

modelling is largely untried.  

Figure 9 elucidates the typical effect of including both of these vascular flow characteristics 

individually, when they have been investigated in general vascular flow literature. Figure 

9 was derived by comparing flow measurements which were distinguished only by the 

inclusion of pulsatile flow, when the flow was otherwise steady or non-Newtonian blood 

rheology, when the flow was otherwise Newtonian.  

 

  

  

 

 

  

 

 

Figure 9: Average flow variation due to pulsatile and non-Newtonian flow modelling 

From Figure 9, the result variation due to the inclusion of pulsatile flow is approximately 

between 10 − 17%, which is similar to that for the inclusion of non-Newtonian flow 11 −

 20%. Thus, while the effects of these mechanisms are different, they are of comparable 

magnitude. These variations serve to contextualise and enhance the interpretation of the 

data produced by this study, highlighting the influence of flow assumptions on the results.  

Vessel wall elasticity and compliance 

Another pertinent vascular system parameter is vasodilation (Lowe et al, 2024). 

Vasodilation, the widening of blood vessels, as well as vasoconstriction, the thinning of 

blood vessels, are both mechanisms by which the blood vessel lumen (hollow passageway 

for blood flow) changes in size in response to variations in temperature or blood pressure. 

The modelling of vasodilation involves complex structural and fluid analysis, such as fluid 

structure interaction (FSI).  

Pulsatile Flow Non-Newtonian Flow 
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Figure 10 depicts a comparison between a rigid CFD formulation and an FSI formulation 

of the velocity profile through a carotid artery bifurcation (Lopes et al, 2019).  

 

Figure 10: Rigid CFD and elastic FSI models of carotid artery bifurcation 

As illustrated in Figure 10, the tendency of the rigid model is to overestimate velocity 

magnitudes due to its inability to account for vessel compliance. By assuming a fixed lumen 

size, the rigid model restricts the flow area, resulting in artificially elevated flow velocities. 

In contrast, the FSI model incorporates vessel wall flexibility, allowing the lumen to expand 

resulting in more realistic lower velocities. 

This finding aligns with the results of Siogkas et al (2015), which demonstrate through in 

vivo pressure measurements that rigid models consistently overestimate pressure, whereas 

FSI models show improved agreement with physiological values. Hence, both studies thus 

support that FSI modelling provides a more realistic representation of vessel mechanics, 

accurately capturing both flow and pressure dynamics. It should be noted however that FSI 

approaches are computationally expensive and need to be considered in light of their 

computational resource requirements. 

Rigid AVM models will likely exhibit a similar pattern in that the neglect of vasodilation 

and vasoconstriction will result in an increase of the flow velocity through the feeder 

arteries and AVM. 
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Thrombosis mechanisms and computational modelling 

The computational modelling of thrombosis is a well-established field of research 

consisting of various numerical strategies, which may be broadly categorised into system 

level, continuum, discrete particle and multiscale methods. For the purposes of this study, 

continuum models of clot formation will be considered, which typically simulate clot 

growth by considering biochemical interactions of blood components, transport 

mechanisms and haemodynamic parameters (Yesudasan & Averett, 2019) to varying 

degrees of complexity. These models typically range from simplified haemodynamic 

formulations to complex routines accounting for the entirety of the coagulation cascade and 

several inter-related biochemical components, their reactions and flow processes.  

The most common flow parameter utilised for thrombus modelling is shear rate and/or 

shear stress which is typically included to assess the possibility of clot genesis, formation 

and stability (Sakariassen et al, 2015; Li et al, 2014). Shear rate is a crucial variable in 

thrombus formation as it combines the effects of velocity gradients, wherein high gradients 

and thus high shear inhibit clot formation and increase the potential for clot lysis and more 

specifically fibrinolysis, the process of breaking down blood clots (Diamond, 1999). 

Alternatively, low shear environments are conducive to thrombus genesis and proliferation 

as these are associated with higher residence times (the amount of time blood remains in a 

specific region) as well as clot growth due to greater localised coagulant concentrations. 

Purely haemodynamic models utilise the relationship between thrombus formation and 

shear to parameterise clot growth as a function of different shear rate regimes, as presented 

in Jafarinia et al (2022). Building on this, continuum models, such as those developed by 

Ngoepe & Ventikos (2016), include the transport mechanisms, biochemical concentrations 

and reactions in the final pathway of the coagulation cascade, e.g., thrombin, fibrinogen 

and fibrin in addition to shear rate. 

Finally, two-phase continuum models allow for the simulation of influential blood 

coagulants as well as platelet deposition and interaction by including these platelets as a 

secondary solid phase. Such models are presented in Li et al (2014) and Du et al (2020). 

An example of the thrombus formations achieved via such two-phase continuum models 

and the resulting impact on flow in a cylindrical tube is shown in Figure 11 (Du et al, 2020), 

where it is evident that the presence of the clot results in a reduction in flow velocity as 

well as a redirection of flow around the thrombus. This substantiates the need for the 

replication of clotting effects in the context of embolisation models, as thrombus growths 

will increase the overall resistance to flow in an injured vessel that has been embolised.  
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Figure 11: Two-phase model of thrombus formation in pipe flow 

 

1.4 Data Sources and Dissertation Structure  

Throughout this work, three primary external data sources serve as inputs for the 

computational modelling and experimentation. The geometric data for the AVM is derived 

from patient CT imaging provided by the Donald Gordon Medical Centre (DGMC), 

collected under ethics code M210728. The discrete modelling of embolisation coil 

geometries inserted into the computational flow domain was contributed by collaborators 

at the Technical University of Munich (TUM), led by Prof. Barbara Wohlmuth, Chair of 

Numerical Analysis. Additionally, training and data collection relating to MRI velocimetry 

was undertaken at the University of Twente, Netherlands (UT) under the guidance of a 

specialist in magnetic detection and imaging, Dr. Frank Simonis. Figure 12 provides a 

schematic overview of the dissertation structure, illustrating how each data source is 

integrated throughout the text.  
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Figure 12: Dissertation structure 

 (Sources: D – DGMC, M – TUM, T – UT) 
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1.5 Delimitations 

Coil embolisations typically exhibit high shear flow, specifically near the coil, resulting in 

platelet-dominated clotting (Casa et al, 2017). This research models clotting without 

simulating biochemistry or platelet interactions, focusing instead on a simplified approach 

using shear rate as a proxy for clot formation. While this method is generalised and neglects 

individual biochemical differences, it is adequate for the study’s objectives, which target a 

broader understanding of embolisation outcomes rather than patient-specific details. 

This study evaluates end-stage clotting behaviour under constant (plug) flow conditions, 

emphasizing the final clot structure rather than the dynamic clot formation. This approach 

is particularly relevant given that the focus lies in investigating the stabilised configurations 

of the clot rather than its evolution. The limitations of the shear-based clotting model, 

developed for this work, further justify the exclusion of time-dependent flow behaviour. As 

the model lacks an inherent time scale, it is unable to simulate time-resolved clotting, thus 

it is unsuitable for capturing dynamic clot evolution under pulsatile and steady conditions. 

Moreover, the location of the pathology under investigation, the calf, and the nature of 

AVMs support the use of steady flow in this context. In peripheral regions such as the calf, 

the pressure generated by the heart is significantly dampened as blood travels away from 

the aorta, resulting in a diminished pulsatile component in the flow. This pulse reduction is 

further amplified by the unique anatomy of AVMs, which couple arterial and venous flows, 

creating a complex vascular connection where pulsatile energy is largely dissipated as the 

primary time-varying flow component is carried away via the arterial parent vessel. 

The incorporation of vasodilation into the computational model requires time-dependent 

fluid-structure interaction (FSI) analysis, which involve considerations of anisotropic 

elasticity, variations in vessel wall thickness, and the interaction between the different 

vessel wall layers. These factors would increase the computational burden and are not 

integrable given the inherently time-independent nature of the shear rate clotting model. 

Furthermore, while Gao et al (1997) indicates that vasodilation can alter flow velocities by 

approximately 30%, the complexity of both experimental and computational modelling of 

vasodilation renders it impractical for this research. As this study represents a pioneering 

effort in modelling AVM treatment interventions, the inclusion of vasodilation is deferred 

to future research. For this initial exploration, a more controlled environment with constant 

flow conditions is prioritised to establish foundational insights. 



17 
 

2 METHODS 

2.1 Geometry Definition and Generation 

The AVM case investigated in this work, derived from pre-operative CT imaging sourced 

from the DGMC as mentioned in Section 1.4, is classified as a Yakes Type I peripheral 

malformation, i.e., a single artery extends to a single vein, and it is located outside of the 

nervous system, in the left calf. The only distinction between this AVM case, as shown in 

Figure 13, and the classification description is the presence of an aneurysmal or swollen 

zone. The feeder vessel was easily identified as a named artery, specifically the posterior 

tibial artery, while the venous side of the AVM was more difficult to visually discern even 

with the use of segmentation (digital isolation and three-dimensional reconstruction), 

however it is known that the named draining vein in this area is the anterior tibial vein. The 

location and structure of the AVM is shown in Figure 13. 

 

Figure 13: Arteries and veins of the lower legs (left) (Lezak & Varacallo, 2022) and 

patient CT scan derived from the DGMC (right) 

Regarding the geometry generation,  segmentation software, namely 3D Slicer was used to 

identify and delineate surfaces through CT contour boundary selection based on units of 

radio density known as Hounsfield units (HU), while CAD software was used to revolve 

sections of the geometry and ensure that the segmented portions were valid structures. 
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Using this combination of segmentation and CAD techniques two geometries were 

generated. The primary computational geometry includes the malformation and feeder 

vessels. The arterial inlet vessel was determined to have a 3 mm diameter during the initial 

scan in agreement with literature such as (Yi et al, 2021), while the venous size was taken 

to be the average diameter of the anterior tibial vein, i.e., 5.22 mm (Lorbeer et al, 2018). 

 

Figure 14: Primary computational geometry 
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A secondary geometry was generated to be used for experimental validation, shown in 

Figure 15. Significant differences include downscaling, the removal of the parent vessels 

and a slight narrowing of the aneurysmal zone. These changes are discussed in section 

2.6.3, but it is in consideration of the experimental equipment and its constraints. 

 

Figure 15: Secondary geometry – Computational (C) flow domain (left) and experimental 
(E) flow boundary (right) 

This secondary geometry was created for 3D printing through the use of a Formlabs Form 

3 Stereolithographic (SLA) printer (Formlabs, United States), specifications of which may 

be found in Appendix A. These printed models were subsequently used in two distinct 

experimental regimes. The first experimental series was conducted for the purposes of 

characterising the resistance associated with embolisation coils (section 2.3), while the 

second series took the form of a computational verification through the application of 4D 

Magnetic Resonance Imaging, also known as MRI velocimetry (section 2.6).  

This model was designed to enable press fits with silicon tubing with an interior diameter 

of 4 𝑚𝑚, hence the cylindrical extrusions evident at both the inlet and outlet ends. 
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The flow domain of the AVM is subsequently divided into four distinct zones:  

1. Arterial Zone 

2. Coil Zone 

3. Aneurysmal Zone 

4. Venous Zone 

This classification enables the application of targeted control measures, particularly 

concerning coil insertion and clot formation. For example, the modelled clot formations 

were limited to have their origin in the “Aneurysmal Zone” as discussed in section 2.4.2. 

The division of these zones, along with the relevant enforced flow directions, is depicted 

in Figure 16. The enforced flow directions were determined based on the relative direction 

of arterial and venous flows and the orientation of the AVM. 

 

Figure 16:  Zone definition and allocation 

 

2.2 Experimental and Computational Material Description of Whole Blood 

As previously discussed, whole blood exhibits non-Newtonian (shear-thinning) behaviour, 

where its viscosity decreases with increasing shear rate. While a common approach in 

literature is to model blood as a Newtonian fluid with a constant viscosity of 4 𝑚𝑃𝑎 · 𝑠, 

coil embolisation procedures involve significant variations in the local AVM shear rate 

from the associated abrupt changes in flow velocity and the flow field geometry due to both 

coiling and clot formation. These variations in local shear necessitate a more accurate 

replication of blood’s non-Newtonian properties for reliable modelling in these contexts. 
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2.2.1 Experimental technique for non-Newtonian blood flow Analysis 

The shear-thinning behaviour of blood was parameterised using the curve shown in Figure 

8, which served as the baseline for all non-Newtonian modelling across both computational 

and experimental regimes. This curve was derived from trends observed in human whole 

blood, synthesized from multiple studies. The resulting dataset, representing the dynamic 

viscosity changes across a range of shear rates, is hereafter referred to as “True blood” and 

provides a physiologically accurate foundation for the following rheological analyses. 

Following on from work published by Perrira et al (2022), a fluid was created which is 

capable of mimicking the shear-thinning nature of whole blood. This fluid, termed the 

blood mimicking fluid (BMF), is a mixture of distilled water, xanthan gum and glycerol. 

The synthesis of an accurate blood-replicate came about by means of rheological testing 

using an AR 2000 rheometer (TA Instruments, United States), detailed in Appendix B, 

wherein the viscosity of the fluid was measured during shear rate cycles of between 0 and 

1000 Hz. A sample of the results for the total of 36 mixtures tested has been given in Figure 

17 along with their compositions as Distilled Water – Glycerol – Xanthan Gum by weight 

percentage. The corresponding Rଶ and critical shear rate values are shown in Table 2.  

 

Figure 17: Results of samples 29 through 36 and their comparison with True Blood 
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Table 2: Compositions and 𝑅ଶ values for tested BMF samples 

Sample 𝑹𝟐 Critical shear rate [𝒔ି𝟏] 
29 0.948 610 
30 0.942 570 
31 0.942 630 
32 0.944 600 
33 0.944 790 
34 0.881 720 
35 0.941 900 
36 0.943 820 

The  Rଶ values were derived based on the deviation of each viscosity-shear curve from that 

of True Blood and was the dominant metric for BMF selection, however the critical shear 

rate which marked the onset of turbulence was also considered as a secondary metric. As a 

result, sample 33 was selected as the optimal BMF mixture, as it had one of the best overall 

comparisons with true blood with an Rଶ value of 0.944 as well as a delayed critical shear 

rate of 790 sିଵ, which is not expected to be exceeded in the corresponding experiments.  

As shown in Figure 18, the BMF viscosity is generally greater than that of whole blood, 

however the difference was taken to be acceptable as the BMF mixture was thinned as 

much as possible without reducing critical Re to impractically low levels. Furthermore, at 

the expected average shear rate of 180 sିଵ, True Blood demonstrates significant thinning, 

which motivated the use of the BMF as opposed to Newtonian fluids like water. Notably, 

the BMF replicated the flow dynamics of blood for verification purposes, with the 

computational material model matched to the BMF curve rather than that of True Blood. 

 

Figure 18: Final BMF mixture compared to the True Blood curve 
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2.2.2 Non-Newtonian computational models and parameterisation 

There are a number of models available for replicating the shear-thinning behaviour of 

blood in the ANSYS Fluent (Ansys, United States) solver used for this work. The non-

Newtonian power law, Cross, and Carreau-Yasuda models were tested to evaluate their 

applicability and stability in embolisation scenarios. Ultimately, the Carreau-Yasuda model 

was selected as the ideal choice, as shown in Eqn 1 (Jalali et al, 2020), because it offers 

greater flexibility in capturing blood’s viscosity across the tested shear rate spectrum and 

thus a more precise replication. Its improved numerical stability arises from improved 

handling of viscosity at higher shear rates, while ensuring consistency at the lower shear 

rates typical in embolisation cases. 

η = ηஶ + (η଴ + ηஶ)[1 + γଶλଶ]
୬ିଵ

ଶ  
… … … … 1 

where 𝜂 is the fluid viscosity [Pa ∙ s], ηஶ is the limiting steady state viscosity at high shear 

rates or infinite viscosity [Pa ∙ s] and η଴ is the limiting steady state viscosity at low shear 

rates or near-zero viscosity [Pa ∙ s].  λ is the characteristic time or consistency [s], i.e., it is 

the inverse of the shear rate at which the fluid transitions from Newtonian to power-law 

behaviour and lastly 𝑛 is the power law index which describes the rate of shear-thinning 

during the power law behaviour of the fluid. 

Two distinct sets of these parameters were formulated, which pertain to the True Blood 

curve given in Figure 8 as well as the final blood mimicking fluid viscosity-shear curve as 

shown in section 2.2.1. These parameter sets are given in Table 3. 

Table 3: Carreau-Yasuda model parameters 

Parameters True blood BMF 
𝜂ஶ [𝑚𝑃𝑎 ∙ 𝑠] 4.41 5 
𝜂଴ [𝑚𝑃𝑎 ∙ 𝑠] 46.5 35 

𝜆 [𝑠] 6.12 6.12 
𝑛 0.27 0.2 

Viscosity in this model is treated as a function of shear rate alone, based on the assumption 

that body temperature variations in AVM cases are minimal. Although chronic 

inflammation associated with AVM development has been shown to potentially elevate 

local temperatures (Cox et al, 2014), the degree of this effect is influenced by case-

dependent factors such as inflammation severity and in some cases, there is no measurable 

change in temperature (Onciu et al, 2024). Furthermore, such localised variations are 

relevant to tissue-level phenomena, hence they fall outside the scope of this study. 
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The shear rate-dependent variation in viscosity, is illustrated in Figure 19. The regions 

outlined in black are areas of anticipated recirculation within the AVM, where low shear 

rates are predicted, leading to higher viscosity as expected in such stagnant zones. This 

nuanced approach enhances the fidelity of the velocity and pressure field calculations, 

particularly in capturing the complex haemodynamics of AVMs. 

 

Figure 19: Variation of fluid viscosity with shear rate 

2.3 Embolisation Coil Modelling  

The coils used as the basis for the implantation model are the Cook® Medical MReye® 

Embolisation Coils sourced from the DGMC as shown in Figure 20. The AVM case 

presented utilises a coil scoped to be inserted into the region designated as the “Coil Zone” 

in Figure 16. The coil has a diameter of 0.889 mm and a coiled diameter of 4 mm. 

 

Figure 20: MReye®  embolisation coils (Trerotola et al, 2019) 
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2.3.1 Uniform porosity modelling 

Variable pressure head flow tests enabled the derivation of the flow resistance (𝑘 – values) 

associated with the embolising coil, through the application of the simplified Darcy-

Weisbach equation, given in Eqn 2.  

∆𝑃 = 𝑘𝑄ଶ 
… … … … 2 

Figure 21 depicts the flow rig used to ascertain these values, as well as an image of the 

printed AVM model with the inserted coil in the upper right corner. 𝑧ଵ refers to the height 

of the fluid within the reservoir, which may be adjusted to provide a variable pressure head, 

while 𝑧ଶ refers to the height at which the outflow rate is determined.  

 

Figure 21: Variable pressure flow rig setup (Bougardt et al, 2024) 

Tests at various inlet pressure heads were conducted to determine the flow resistance 

associated with the embolisation coil. Through the comparison of the flow rates in the open 

system (pre-coiled) and the embolised system, the additive nature of flow resistance values 

within the system allowed for the isolation of the 𝑘 value associated with the embolisation 

coil. The corresponding formulations are presented in Eqns 3 and 4. 

∆𝑃୭୮ୣ୬ = ൫𝑘୮ + 𝑘୴ + 𝑘୰ + 𝑘୅୚୑൯𝑄ଵ
ଶ 

… … … … 3 
∆𝑃ୣ୫ୠ୭୪୧ୱୣୢ = ൫𝑘୮ + 𝑘୴ + 𝑘୰ + 𝑘୅୚୑ + 𝑘ୡ୭୧୪൯𝑄ଶ

ଶ 
… … … … 4 

As demonstrated in Eqns 3 and 4, the flow resistance value associated with the embolisation 

coil (𝑘ୡ୭୧୪) may be computed through subtraction of the total flow resistance for the 

embolised and open systems. Figure 22 illustrates the 𝑘 value derivation from the gradient 

of the ∆𝑃 vs 𝑄ଶ plots. 



26 
 

 
Figure 22: Flow resistance (𝑘) derivation for the embolised system 

The accuracy of the derived flow resistance values was determined by way of simulation, 

through the introduction of a porous zone and thus a momentum sink in the volume denoted 

as the “Coil Zone” in Figure 14. The momentum sink was tuned through the use of an 

inertial resistance coefficient, derived through application of the continuity equation and 

the manipulation of momentum terms in the governing equations, wherein the 𝑣ଶ term in 

Eqn 5 allows for direct comparison with the inertial resistance coefficient term, neglecting 

the viscous resistance coefficient. This relationship is summarised in Eqns 5 and 6: 

∆𝑃 =  735,071.4518𝑣ଶ = 𝑆୧ 
… … … … 5 

𝑆୧ =
1

2
𝐶ଶ𝜌𝑣ଶ∆𝑛 

… … … … 6 

where 𝑆୧ is the momentum sink term [kg ∙ msିଵ], 𝐶ଶ is the inertial resistance coefficient 

[mିଵ], 𝜌 is the fluid density, which in this case is water [kg/mଷ], 𝑣 is the physical velocity 

of the flow through the coil [m/s] and ∆n is the length of the coil in the flow-wise direction 

[m]. The results of a validation exercise performed for this technique may be found in 

section 3.1.1. 

In summary, using a uniform porosity field to model the coil provides a simplified 

approximation of flow but has inherent limitations due to its inability to capture the detailed 

structure of the coil. This approach assumes a homogenous distribution of flow resistance 

throughout the coil region (the bounding volume of the coil), which neglects the spatial 

variability in flow paths and obstructions created by the coil’s physical geometry. As a 

result, the uniform porosity model may inaccurately represent local variations in velocity 

and pressure due to the neglect of the coil structure. 
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2.3.2 Non-uniform porosity modelling 

Background on modelling coil geometry 

As outlined in section 2.3.1, employing a uniform porosity field to model the coil provides 

an approximation of its flow impedance. However, this approach oversimplifies the coil's 

complex geometry. Given the influence of coil geometries on local flow structures and 

downstream flow, accurately capturing these interactions is crucial for understanding 

embolisation. The coil’s intricate shape induces localised changes in velocity, pressure and 

shear rate, the latter of which plays a critical role in clot formation and stability.  

To address these limitations, this study adopts a non-uniform porous media model, which 

provides a detailed representation of the complex flow behaviour surrounding the coil. 

While this approach incurs a slightly higher computational cost than the uniform porous 

media model, it remains more efficient than modelling the coil as a solid. This balance 

between computational efficiency and accuracy make the model better suited for 

replicating nuanced flow interactions, enabling closer approximations of in vivo conditions, 

improving predictions of clinical outcomes, and informing the optimisation of coil 

implementation for effective AVM treatment. 

The necessity for capturing and replicating the inserted coil structure led to a collaboration 

with the Technical University of Munich (TUM), specifically with Prof. Barbara 

Wohlmuth's Group in the Chair of Numerical Analysis. The group has developed a method 

for modelling embolisation coils and their insertion into biological vessels using Discrete 

Elastic Rod (DER) theory.  

The governing equations in DER theory are derived from the balance of forces and 

moments along a rod's length. The Kirchhoff equations, which govern the equilibrium of 

the rod, are given by: 

𝑭ᇱ = 0 , 𝑴ᇱ + 𝒓ᇱ × 𝑭 = 0 
… … … … 7 

where F is the internal force vector, M is the internal moment vector and r is the position 

vector along the centerline of the rod. 

Numerically, Eqn 7 is applied to the discretised rod, i.e., it is applied at each node along 

the length of the rod and accounts for both its bending and twisting, which requires 

formulations for the energy associated with both of these variables. 
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The total elastic energy 𝐸 of an inextensible rod, like an embolisation coil, is derived from 

its bending and twisting energies, omitting the stretching component due to the 

inextensibility assumption as shown in Eqn 8. 

𝐸 = 𝐸௕௘௡ௗ + 𝐸௧௪௜௦௧ 
… … … … 8 

In the context of DER theory, the centerline 𝜸(s) represents the central curve of the rod, 

parameterised by the arc length 𝑠, which serves as the reference for the rod’s geometry. 

 Along this centerline, a material frame {𝒕(s), 𝒎𝟏(s), 𝒎𝟐(s)} is attached, which is an 

orthonormal frame where 𝒕(s) = 𝜸′(s) denotes the tangent vector and 𝜿 = 𝒕′ is the 

centerline’s curvature (normal) vector (Bergou et al, 2008). The DER model is 

subsequently extended to include collision and intersection algorithms, applied at the 

boundary of the material frame, which allows for the simulation of the self-collision of the 

coil as well as its interaction with the surrounding vessel walls. This allows for the 

replication of the real-world conditions of coil deployment during embolisation procedures. 

The DER model developed by TUM, as detailed for aneurysmal cases in Frank et al (2024) 

and Holzberger et al (2024) has been directly applied to simulate the configuration of 

embolisation coils within the AVM under investigation. Six different embolisation coil 

geometries and packing conditions are considered, wherein the number of inserted coils 

and the insertion angle of the coils is varied to achieve stochastically representative coil 

configurations.  

Figure 23 illustrates an example of a single coil inserted into the “Target for Coil 

Embolisation” within the AVM flow field. 

 

Figure 23: Example coil insertion 
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CFD coil implantation and workflow 

The incorporation of the detailed coil geometry into the finite volume mesh follows a 

structured five-step process, as depicted in Figure 24.  

 

Figure 24: Coil modelling workflow 

UDF implementation 

Two User-Defined Functions (UDFs) were utilised to model and assign the porosity and 

inertial resistance respectively within the mesh cells occupied by the embolisation coil 

geometries from the DER simulations. This approach allowed for a more sophisticated 

representation of the coil’s impact on the blood flow within the computational domain. The 

two codes are henceforth referred to as the “Coil Porosity Allocation” and “Coil Resistance 

Assignment” UDFs. Both of the codes are of the macro DEFINE_PROFILE type, which is 

capable of accessing and scoping values to any mesh feature including cell zones, cells, 

faces and individual nodes.  
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The output of the coil deployment (DER) simulations are CSV files listing all mesh cell 

centers occupied by the coil, identified by associating these coordinates with a porosity 

value of 0 (solid). The Coil Porosity Allocation UDF assigns these porosity values to the 

corresponding mesh cells, effectively mapping the coil geometry into the computational 

mesh. This process, detailed in Table 4, ensures accurate representation of the coil’s 

geometry, given the mesh resolution is sufficient. 

Table 4: Overview of Coil Porosity Allocation Function 

Step Description 

Coil mapping 

Opens the text file containing the 3D coordinates and 

corresponding porosity values. These values are stored in an 

array for further processing. 

Cell matching 

Iterates over all mesh cells and compares the cell centroids with 

the stored coil coordinates to locate the matching cells based on 

the cell-centroid. 

Porosity Allocation 

If a match is found within a specified tolerance, the porosity 

value is assigned to the cell, and this value is stored using a User 

Defined Memory Index (UDMI).  

The second define profile macro assigns an inertial resistance value to cells based on the 

porosity profile generated by the Coil Porosity Allocation function.  

Table 5: Overview of Coil Resistance Assignment Function 

Step Description 

Coiled cell Resistance 

Assignment 

Checks the UDMI value for each cell. If the UDMI value 

is 0.00 (indicating a coil is present), a high inertial 

resistance value, derived in section 2.3.1, is assigned.  

“Empty” cell resistance 

assignment 

If the UDMI is 1.00 (indicating no coil), the resistance is 

set to 0.00, allowing free flow. 

The “Empty” cell resistance assignment as described in Table 5 is pertinent as inertial 

resistance is a diffusive property and therefore may spread to other cells surrounding the 

coil, hence the Coil Resistance Assignment Function writes the coiled and empty 

resistances to cells at each iteration of the solution. 
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The inertial resistance applied in the non-uniform porous media model was taken directly 

from the experimentally validated uniform model to ensure consistency in representing the 

flow-impeding behaviour of the coil. This value was applied to mesh cells intersected by 

the DER-generated coil geometry, resulting in spatially varying resistance that reflected 

local coil occupancy. This approach preserved the model’s ability to differentiate between 

densely and sparsely packed regions, where cumulative resistance and flow impedance 

differ meaningfully. This value was selected as opposed to applying a uniformly high 

resistance value, which would have imposed identical flow restriction in all coil-occupied 

regions regardless of local geometry, thereby disregarding variation in packing density and 

leading to a binary representation of flow suppression. The selected resistance allowed or 

flow deceleration in a manner more consistent with physical measurements, without 

introducing solver instabilities (negative pressure values/spikes) or compromising 

sensitivity to coil configuration. 

To incorporate a large number of coils, the “Target for Coil Embolisation” shown in Figure 

14 was extended to make up most of the arterial feeder branch, as shown in Figure 16. 

Figure 25 shows a single coil inserted into the enlarged zone as well as the discretisation 

and recreation of the coil in the CFD solver. Notably, the walls of the discretised coil are 

not smooth because it takes the shape of the native mesh. 

 

Figure 25: Comparison between coil geometry and discretised coil 
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The cell-based approach for simulating embolisation coils was selected for this work as 

opposed to a geometric subtraction of the coil from the flow field due to its higher 

flexibility, lower computational cost, and capacity for detailed haemodynamic analysis. 

This has been reported in literature such as Kyung et al (2007), wherein it is acknowledged 

that the subtraction method results in constraints on stability and causes computations to 

become “prohibitively expensive”.  

In the context of embolisation, the flow blockage effects are critical, and the fidelity of the 

simulation focuses on localised flow disturbances rather than just geometric accuracy. The 

subtraction approach, although widely used for rigid and simple geometric bodies, has 

inherent difficulties with the handling of the tortuous nature of coils that conform to 

irregular vasculature. As such, the subtraction approach often requires geometric 

simplification to allow for meshing, which compromises the accuracy of simulations, 

particularly at coil boundaries.  

This is problematic in cases like AVMs where fine geometric details can affect local flow 

dynamics. The cell-based approach eliminates this limitation by embedding the coil into 

the computational domain, allowing for intricate flow patterns to emerge naturally around 

the coil. Coils introduce highly localised flow disturbances, including vorticity, 

recirculation, and high shear regions. The cell-based approach preserves the resolution of 

these features without the need for excessive mesh refinement, which would otherwise be 

necessary for the subtraction method.  

Lastly, subtraction methods are limited in accurately resolving thin boundary layers around 

coil surfaces, especially when the mesh near the interface is distorted. The cell-based 

approach inherently resolves boundary layers by assigning flow properties within the cells, 

ensuring smooth transitions without excessive computational cost. 

The porous media model was thus selected for application in this work; however, it is clear 

it has certain limitations. Specifically, it does not allow for absolute resistance to flow, 

which means that a small amount of fluid is permitted to pass through the computational 

cells representing the coils. Thus, even when considering that the average velocity within 

the coil structure across all cases was found to be between 0.1 − 0.9% of the surrounding 

flow, this has been recognised as a limitation inherent to the formulation of the porous 

media model. Nevertheless, the use of inertial resistance parameters derived from the coil 

geometry ensures that the primary physical effects are adequately captured.   
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2.4 Clot Modelling  

2.4.1 Model background and biological mechanisms 

Clotting is a complex function of both biochemical reactions and haemodynamics. The 

principal biochemical and flow-driven mechanisms as well as the modelling thereof are 

summarised herein. 

An injured blood vessel triggers a vascular spasm, which causes vasoconstriction so as to 

reduce blood flow. Blood platelets adhere to exposed collagen fibres at the site of injury, 

whereafter a series of biochemical reactants (clotting factors), most importantly, 

glycoprotein IIb–IIIa receptor (integrin 𝛼୍୍ୠ𝛽ଷ) and prothrombin are exposed (Savage & 

Saldivar, 1996). A cascade of enzymatic reactions (coagulation) follows wherein, fibrin 

(insoluble protein) is generated from the enzymatic action of thrombin on the soluble 

plasma protein fibrinogen which ultimately solidifies into a fibrous mesh surrounded by 

red blood cells and activated platelets thus forming the stable clot structure. This process is 

showcased in Figure 26 (Vedantu, 2024). 

 

Figure 26: Fibrin clot formation process 
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2.4.2 Shear-based clotting model 

A shear-based clotting model was developed to assess end-state clotting, i.e., the overall 

mechanical effects of thrombi such as those shown in stage III of Figure 26, while 

disregarding the biochemical reactants. Hence, this model does not capture the time-

dependent nature of clot growth, however it is intended to be applied in a transient 

formulation to capture the changes in the flow field caused by clot formation resulting from 

the convective terms in the governing equation of the utilised solver.  

The shear-based clotting model operates within a framework of model time rather than 

physical time, highlighting a fundamental distinction in its application. Unlike biochemical 

clotting models, which incorporate time-dependent reactions and species transport but are 

computationally expensive, the shear-based model used here is governed solely by 

convective flow variables such as velocity and lack an inherent time scale. As such, the 

progression or growth of clot formations in this work refers exclusively to computational 

time and no assertions are made regarding the validity of the intermediate clot formations 

as only the end-state of the clot is analysed, which facilitates transient tracking of the shear 

field changes but does not correlate to the actual physical time required for clotting in vivo. 

The use of a transient model is crucial for capturing the convective adjustments in the shear 

field due to changes in clot morphology. These adjustments are necessary to resolve how 

local shear conditions influence development, leading to a steady-state or converged clot 

morphology where no further clotting can occur. While the time-stepping approach 

resembles pseudo-time methods often employed in CFD to simulate flow field evolution 

or changes in boundary shape, it does not reflect realistic clotting timescales. Instead, the 

model’s transient framework enables the resolution of flow interactions as they adapt to 

clot structures, similar to momentum-based models used for position adjustments in FSI.  

The shear-based clot model, like the coil model, is formulated as a customised porous 

media model that operates on a computational cell basis and is executed through the use of 

a UDF. This model was built to replicate the fundamental mechanics of clot growth and 

formation through the implementation of shear rate and adjacency conditions so as to model 

the total clot size and distribution due to coil embolisation. 

Shear rate limitations 

Shear rate limits are the principal metric which guide the computational clot formation as 

well as controlling the assignment of clot properties. These limits and their associated 

properties are tabulated below for further discussion.  
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Table 6: Shear rate conditions and clot properties 

Property Value Reference 

Shear rate clotting limit [𝑠ିଵ] 50 (Casa et al, 2017) 
Clot Porosity [−] 0.75 (Diamond, 1999) 

Clot Permeability [𝑐𝑚ଶ] 1.0e + 12 (Brass & Diamond, 2016) 

Fibrinolysis Condition [𝑠ିଵ] 5300 (Brass & Diamond, 2016) 
                                                                                                                      

It is important to note here that “Fibrinolysis” refers to the process by which fibrin clots, 

are broken down into smaller pieces. Biologically, this process is promoted by higher shear 

rates, which exert greater mechanical forces on the thrombus architectural cells, causing 

them to rupture or break apart (Brass & Diamond, 2016). This stress can disrupt the outer 

clot, leading to its disintegration and contributing to clot dissolution. 

The properties introduced in Table 6 are detailed below:  

 Shear rate clotting limit: As defined by Casa et al (2017) coagulation dominates 

low-shear environments as opposed to platelet deposition. This coagulation, i.e., 

the reaction between thrombin and fibrinogen to form the fibrin clot occurs at shear 

rates below 50 sିଵ.  

 Clot Porosity, Permeability and Lysis condition: A series of papers (two of which 

are listed in Table 6) produced by Diamond et al have investigated the mechanical 

and fluid properties of clot formations, including the effective porosity associated 

with clot masses (0.75), the permeability, or in other words the inverse viscous 

resistance, associated with pure-fibrin clots (1.0e + 12) and the minimum shear 

rate at which lysis occurs for these pure-fibrin clot formations (5300 sିଵ). 

A second User-Defined Memory Macro (UDM) is applied to store cell porosity values, as 

in the case for the coil modelling detailed in section 2.3. The UDM is subsequently used 

for clot visualisation, adaptive mesh refinement and experimental comparison.  

Wall-bounded thrombogenesis 

As shown in Figure 26, clot formations have their origins at sites of injury, i.e., the 

aneurysmal zone, along blood vessel walls. To capture this computationally, an initial group 

of wall cells is selected to serve as the origin site for thrombus formation. This enforcement 

may be better understood with the knowledge of the mesh hierarchy in ANSYS Fluent. 

Figure 27 provides an illustration of how the mesh is organised into threads and how this 

may be used for mesh variable manipulation.  
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Figure 27: Mesh organisation and hierarchy 

The mesh hierarchy is defined in order of thread, cell, face and finally node. All mesh 

archetypes are grouped into thread pointers, further subdivided by region and function. 

Hence, cells associated with walls, boundary conditions, etc. may be accessed individually 

for localised control. Figure 28 shows an example of wall selection as applied to the AVM.   

 

Figure 28: Thrombus origin site allocation within AVM model 

Figure 28, combined with the flow shown in Figure 19, illustrates that clot formation is 

limited to regions of low velocity and exhibiting recirculation. These characteristics 

promote thrombosis, as lower shear rates and extended residence times (duration fluid 

remains in a specific area) facilitate clot genesis. Clot formation in the model is not forced 

at specific nodes but occurs naturally where local flow conditions permit, however, clot 

initiation is constrained to the aneurysmal wall, as this aligns with the understanding that 

vessel injury due to abnormal expansion fosters a pro-thrombotic environment. 
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Adjacency-controlled clot growth 

Progressive clot development from a wall-bounded source is accomplished through the use 

of connectivity macros and associated indices. Effectively, the clotting model only allows 

clot formations to proliferate from cells which have already been assigned clot properties, 

i.e., the entire clot formation will develop from the initial site of thrombogenesis. 

Adjacency is maintained through UDF thread control and face adjacency indexing, 

primarily through the use of two commands Fେ଴ and Fେଵ, details of which are shown in 

Figure 29.  

 

Figure 29: Adjacency controls and indexing 

The functions Fେ଴ and Fେଵ enable the clotting UDF to retrieve data from the cells located 

on either side of a specific face, 𝑓, allowing for conditional controls based on clot 

adjacency. Using Figure 29 as an example, if the cell C଴ is identified as clotted, and cell Cଵ 

meets the shear rate criteria for clot formation, then and only then may Cଵ be marked as a 

clotted cell. However, a third cell 𝐶ଶ, located adjacent to 𝐶ଵ but not sharing a boundary face 

with 𝐶଴, cannot be classified as clotted in the current time step, even if it meets the shear 

rate criteria, because it lacks adjacency to an existing clot. This ensures that clotting spreads 

logically based on the flow conditions and proximity to existing clots. 

Clot front refinement 

Through investigation of the clot propagation and final morphology achieved using the 

shear-based model, it was found that utilising Adaptive Mesh Refinement (AMR) and 

scoping this refinement to cells at the clot growth front allowed for a much more accurate 

replication of the final shape and distribution of the clot. This investigation was carried out 

using an idealised aneurysmal geometry and the results of the comparison with 

experimental clot growth (Ngoepe et al, 2021) may be found in section 3.1.2. 
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The refinement is scoped to the clot front through cell registers modified to target cells with 

a large gradient of porosity, while cells with a low porosity gradient are scoped for 

coarsening. Cells at the clot front exhibit the highest porosity gradients, as shown in 3D in 

Figure 30, as the clot boundary forms an interface between the unobstructed flow and 

newly-formed clot structures, resulting in a sharp change in local porosity. Through AMR, 

the model can more accurately capture the clot structure, while the coarsening of stable, 

pre-existing clot regions reduces computational demands. 

 

Figure 30: Isolation of the clot front for adaptive refinement (a) UDM contour (blue clot), 

(b) clot structure by cell and (c) adaption applied to clot front (blue adaption cells) 

2.5 Simulation Setup and Conditions 

This section details the CFD workflow from meshing of the AVM geometry to the 

computational setup and includes key physical and numerical considerations. At this point, 

it should be noted that the computation of the coiled flow and clotting flow is accomplished 

in two steps as listed below.  

Computational steps:  

1. Steady state simulation (without clotting UDF): To achieve a stable flow field after 

the coil has been read into the mesh, treating the coil insertion as instantaneous. 

2. Transient simulation (with clotting UDF): This simulation determines the end-

stage clot morphology with both coiling and clotting functions active. It reflects 

computational time rather than physical clotting time, resolving shear-dependent 

processes until the clot reaches a steady state. 
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2.5.1 Meshing 

As discussed in section 2.4.2, mesh adaption is applied over the course of the simulation 

which incorporates clotting, however this adaption is limited to the AVM aneurysmal zone 

and a minimum orthogonal quality of 0.1 is enforced for this adaption. Henceforth, the 

mesh discussed will be that used for the steady state initialisation of the coiled flow.  

The AVM mesh as well as key parameters which describe mesh size and quality are given 

in Figure 31. 

 

Mesh Metric Type Total 
Elements 

Orthogonal 
Quality 

Aspect Ratio 

Specification Polyhedral 2,734,543 
Min: 0.2484 Min: 1.3045 
Avg: 0.9404 Avg: 2.4360 
Max: 0.9999 Max: 21.6701 

Figure 31: AVM mesh and mesh qualities 

The polyhedral mesh type was selected due to its advantages in the context of biomedical 

fluidics, including that the increased number of neighbouring elements enhances the 

accuracy of gradient calculations, especially in regard to shear stresses (Spiegel et al, 2011) 

and that polyhedral meshes generally outperform tetrahedral meshes in terms of 

convergence and simulation stability 

Coil Zone 

Malformation 
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A note on local meshing controls 

In addition to the global meshing strategy, a number of domain-specific local meshing 

controls were implemented to ensure sufficient resolution of key haemodynamic features. 

For the coil region, mesh sizing was based on the smallest structural feature, the 0.889 mm 

wire diameter, with a base mesh size if 0.08 mm, providing approximately 11 cells across 

the diameter. This sizing enables adequate representation of local flow, with an average 

cross-sectional area deviation of ~5% between the meshed and ideal coil geometry.  

The adaptive local meshing scheme applied to the aneurysmal (clot-prone) region, was 

informed by that found to be ideal for reliable end-state clot analysis. Beginning from the 

mesh base size of 0.15 mm, the mesh was refined in two steps to 0.0375 mm, with an 

additional layer reducing local resolution to 0.01875 mm in persistently clot active zones. 

Refinement was applied at each timestep based on shear rate thresholds, to ensure 

progressive resolution of low-shear regions, particularly adjacent to vessel walls. While 

initial identification of clot-prone regions within the aneurysmal zone was determined via 

shear rates computed from the base mesh, refinement was applied prior to subsequent 

timesteps, so as to reduce the potential of the wall-adjacent low-shear zones being 

persistently under-resolved. 
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2.5.2 Setup and flow considerations 

Boundary conditions 

While pulsatile flow has been neglected in this work, the plug flow values for the arterial 

inlet flow boundary conditions (BCs) were derived from the pulsatile velocity and pressure 

profiles for the inlet artery, as shown in Figure 32 (Gallo et al, 2020).  

 

Figure 32: Pulsatile velocity and pressure profile for the posterior tibial artery 

From Figure 32, the mean pulsatile velocity and pressure were taken as the arterial inlet 

conditions, while AVM-related arterial pressure drops derived from Zhang et al (2020), 

allowed for the application of a function which scopes the arterial outlet pressure to be a 

function of the arterial inlet pressure (≈ 66%). The venous boundary conditions are 

typically constant in terms of both pressure and velocity and thus the venous inlet velocity 

was derived from Kalayci et al (2015) based on reference values for the flow rate and 

diameter of the anterior tibial vein, while the venous inlet pressure was assumed to be 

within the standard range at 8 mmHg (1066.576 Pa) (Shah & Louis, 2023). A summary of 

the BCs applied for the AVM embolisation model may be found in Table 7, in which the 

gauge pressure are absolute. 

Table 7: Boundary condition specification 

Boundary Applied BC Specification 
Arterial Inlet Velocity Inlet Velocity - 0.2829 m/s 

Initial Gauge Pressure – 11244 Pa 
Arterial Outlet Pressure Outlet Gauge Pressure – f(Arterial Inlet Pressure) 
Venous Inlet Velocity Inlet Velocity - 0.0111 m/s 

Initial Gauge Pressure - 1066.576 Pa 
Venous Outlet Pressure Outlet Gauge Pressure – 0 Pa 
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Turbulence consideration 

Vascular flows may be likened to more generic pipe flows albeit with more curvature and 

more complex flow fields. The well-known critical Reynolds number (Re) for pipe flows 

as given by Potter et al (2010) is 2300, however some literature has documented that 

physiological flows and particularly blood flows exhibit turbulent-like or fully turbulent 

behaviour at significantly lower Reynolds numbers. These reported critical Re, derived 

from experimental studies include Jain (2016) which derived the Re from a stenosed 

pulsatile flow and Saqr et al (2020) which derived the Re from a multiharmonic pulsatile 

flow. These papers reported critical Reynolds numbers of 600 and 400 respectively.  

Given that the location of the parent vessel artery in question, i.e., the posterior  tibial artery, 

is in the lower leg (an extremity) it is unlikely that the flow will require turbulence-

capturing. Simulations of the physiological flow (unembolised and neglecting clotting) 

through the AVM have shown that the maximum expected Reynolds number in the domain 

is approximately 40 which is well below the most conservative critical Reynolds numbers 

reported and given that the addition of the embolisation and clotting models will only serve 

to further slow the flow, a laminar formulation has been applied to all computations.  

Solution methods customisation – PISO and PRESTO! 

When simulating flows with large negative pressure gradients, such as in porous media 

models, selection of numerical schemes becomes critical to maintaining both accuracy and 

stability. The Pressure-Implicit with Splitting of Operators (PISO) algorithm offers an 

efficient solution for pressure-velocity coupling, especially in unsteady flow simulations. 

Its ability to perform multiple pressure-correction loops ensures that the pressure and 

velocity fields remain consistent in scenarios where rapid changes in flow direction and 

pressure occur, such as at the interface between a porous medium and free flow regions. 

Thus, PISO is a robust choice for simulations where large pressure gradients are common. 

Additionally, the PREssure STaggering Option (PRESTO!) complements PISO by 

addressing the challenges of accurately interpolating pressure on highly skewed or non-

uniform grids. The staggered pressure interpolation helps to ensure that high-pressure 

gradients do not cause numerical instability, making PRESTO! particularly suited to cases 

involving porous media, where localised flow obstructions cause sudden drops in pressure. 

Together, PISO and PRESTO! provide a powerful combination for handling complex flows 

with steep pressure gradients and ensuring convergence even under challenging flow 

conditions and thus has been used for all transient simulation steps. 



43 
 

2.6 4D MRI 

4D MRI, so named for its integration of 3D spatial encoding and temporal resolution, is a 

medical imaging technique that enables the measurement of 3D velocity fields using 

Magnetic Resonance Imaging (MRI). As an advanced modality, it expands upon traditional 

MRI, which primarily focuses on anatomical visualisation, by resolving velocity 

components of moving tissues or fluids. This technique offers a non-invasive means of flow 

visualisation while simultaneously allowing for quantitative measurements of velocity. 

This was performed in vitro to verify the velocity flow field in an unembolised model and 

partly due to a lack of 3D tomographic Particle Image Velocimetry (PIV) facilities, while 

also serving as a feasibility study into the applicability of a tabletop MRI system. 

2.6.1 MRI overview and initialisation 

MRI is grounded in the principles of nuclear magnetic resonance, wherein charged particles 

which possess intrinsic angular momentum (a quantum property) generate a magnetic field 

and thus have a magnetisation vector. The vectors are randomly oriented in the absence of 

external magnetic factors, however, when placed in a strong magnetic field they align 

parallel or anti-parallel to the field. The net magnetisation, due to a slight excess of vectors 

aligned in one direction, is manipulated during MRI imaging. These vectors primarily arise 

from the alignment of hydrogen protons with an external magnetic field, referred to as B0. 

The net magnetisation vectors are not fixed but precess about the axis of the magnetic field 

at a rate known as the Larmor frequency. RF pulses, tuned to this frequency, momentarily 

flip the net magnetisation vector from its alignment with the external magnetic field, 

causing it to rotate. As the vector relaxes back to equilibrium, the changing magnetic field 

induces a current in the MRI receiver coils, generating the signal used for imaging.  

The position and selection of imaging slices are determined through the application of 

magnetic field gradients. These gradients cause a spatial variation in the magnetic field, 

altering the resonance frequency of the protons depending on their position. This variation 

combined with frequency-selective RF pulses allow for spatial encoding in 3D via the 

application of three orthogonal gradients, known as the slice, read and phase gradient. 

The initialisation of the magnetic gradient (Shim) and RF pulse strength is essential for the 

accurate acquisition of spatial and flow data. An example is given in Figure 33, where RF 

pulse strength is denoted as B1, showcasing how these parameters are allowed to achieve 

stability prior to measurement. The magnetic field strength, which is largely a function of 

temperature, and the Larmor frequency are also determined prior to each imaging session. 
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Figure 33: Initialisation of magnetic field gradients and RF pulse strength by iteration 

The raw data generated by MRI takes the form of a 2D or 3D spatial frequency map known 

as k-space. K-space does not directly represent the image but instead stores the frequency 

and phase information of the MR signal. The process of “filling” k-space involves acquiring 

data from the MR signal, where different lines or regions of k-space correspond to different 

phase-encoding (phase direction) and frequency-encoding (read direction) gradients 

applied during the scan. Once k-space is fully sampled, an inverse Fourier transform (IFT) 

is applied to convert the data into the raw spatial image amplitude, as shown in Figure 34. 

Here the slice is selected via the magnetic field gradient in the 𝑦 direction and the in-plane 

spatial information is encoded by the 𝑥 (phase) and 𝑧 (read) magnetic field gradients. 

 

Figure 34: Example of a 2D k-space and the resultant image 
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2.6.2 Velocity encoding 

Phase contrast MRI (PC MRI) denotes the process whereby velocity is measured during 

MRI scans by way of phase shifts. PC MRI relies on the concept that moving protons will 

accumulate a phase shift when exposed to a magnetic field gradient. This phase shift is 

directly proportional to the velocity of the moving spins, making phase a direct measure of 

velocity in PC MRI.  

In a typical MRI scan, phase encoding is used to spatially encode information by applying 

gradients along different axes, causing protons in different locations to experience different 

phase shifts. In PC MRI, this process is expanded to include velocity encoding. This is 

achieved through the introduction of bipolar phase gradients, as shown in Figure 35, 

wherein the effect of this gradient on stationary spins is neutral, however moving spins 

accumulate a phase shift that is linearly proportional to their velocity.  

By applying additional bipolar gradients, moving protons accumulate different amounts of 

phase shift depending on their velocity. Thus, the use of these gradients in all orthogonal 

directions allows for a full 3D flow quantification. Notably, protons moving in the direction 

of a gradient will experience a positive phase shift, while those moving in the opposite 

direction will experience a negative shift. 

 

Figure 35: Bipolar gradients and their effect on stationary versus moving protons 

Two sets of scans are performed, one with stationary fluid and the other with moving fluid. 

The phase of the MR signal is measured for each voxel, and the difference between the two 

images, the flow encoded and stationary encoded images, acquired with different bipolar 

gradients is used to calculate the velocity of blood flow in that voxel.  
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For a proton moving at a velocity 𝑣, the phase offset ∆∅ caused by the bipolar gradient 

can be expressed as:  

∆∅ = Γ ∙ 𝑣 ∙ ∆𝐺 ∙ ∆𝑡 
… … … … 9 

, where Γ is the gyromagnetic ratio (constant for a given nucleus), ∆𝐺 is the strength of the 

bipolar gradient and ∆𝑡 is the time duration of the gradient. This calculation is performed 

independently for each direction, resulting in a 3D velocity vector field for the entire 

imaging volume.  

A consideration for bipolar gradient application is the velocity encoding parameter 

(VENC), which must be defined prior to acquisition. The VENC serves as a threshold for 

calculating velocity, as it represents the maximum velocity that can be accurately measured 

in a given direction. If velocities exceed the VENC limit, a phenomenon known as phase 

aliasing occurs. This occurs because the phase shift induced by moving spins surpasses the 

360° range, leading to phase wrapping, where higher velocities appear incorrectly as lower 

velocities due to the cyclical nature of the phase signal.  

Phase wrapping results in discontinuities in velocity, which may be resolved through phase 

unwrapping techniques. These methods detect and correct erroneous jumps in the phase 

signal, restoring accurate velocity measurements. As demonstrated in Figure 36, phase 

aliasing can introduce noise in velocity measurements if not handled correctly.  

 

Figure 36: Phase wrapping in velocity measurements 
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2.6.3 Flow apparatus and experimental considerations 

The MRI scanner utilised for experimental verification is the Pure Devices research MRI 

system with a 0.5 T field gradient strength and a bore of 15 mm (Appendix C). This 

tabletop MRI scanner (Pure Devices, Germany) as shown in Figure 37, is not suitable for 

clinical use but is useful for imaging research. The size of the bore is a limiting factor which 

necessitated a 2/3 scaling of the experimental geometry, as mentioned in section 2.1. 

Hence, the flow rate of 2 ml/s was scaled to 1.3 ml/s to ensure dynamic similarity. 

4D MRI techniques require substantial time to acquire images, thus a closed flow circuit 

was constructed to maintain a constant flow of BMF through the tabletop scanner.  

 

Figure 37: MRI flow apparatus 

From Figure 37, the imaging system (blue) comprises the MRI scanner, which is rotated to 

eliminate any static pressure drop or unwanted acceleration within the flow region in the 

scanners field of view. This system also includes the scanner’s control unit and the gradient 

and RF amplifiers, which are employed to optimise the strength and precision of image 

acquisition and encoding. The flow system (red) is composed of a calibrated pump that 

delivers a steady flow of BMF from a reservoir into the experimental AVM geometry, 

located within the magnetic bore of the scanner, ensuring consistent and reliable flow 

during imaging and velocity encoding. 
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Subsequent to the initial setup and construction of the MRI rig, the flow system was filled 

with the BMF so that the velocity encoding parameters could be determined and set. These 

parameters are presented in Table 8 and are implemented through the MRI units’ MATLAB 

interface (MathWorks, United States). 

Table 8: MRI velocity encoding parameters 

Parameter Description Specification 

Magnetic Field Strength (B0) 0.5033 T 

Larmor Frequency (f୪ୟ୰୫୭୰) 21.428 MHz 

Longitudinal Relaxation Time (T1) 0.1 s 

Transverse Relaxation Time (T2) 0.07 s 

Echo Time (tୣୡ୦୭) 0.008 s 

K-space sampling 32 × 16 × 16 

Gyromagnetic ratio (Γ) 2.6752e + 08 

VENC 0.2 m/s 

Total Sequence Time 1668.2 s (27 min) 

Some of these parameters were previously mentioned in sections 2.6.1 and 2.6.2. However, 

more detailed explanations are provided for improved contextualisation below: 

1. Magnetic Field Strength (𝐁𝟎): The strength of the static magnetic field used in 

the MRI system, affecting signal quality and imaging resolution.  

2. Larmor Frequency (𝐟𝐥𝐚𝐫𝐦𝐨𝐫): Proton resonance frequency in a magnetic field. 

3. Longitudinal Relaxation Time (𝐓𝟏): The time taken for the net magnetisation  to 

return to equilibrium along the direction of the magnetic field after perturbation. 

4. Transverse Relaxation Time (𝐓𝟐): The time for the net magnetisation vector to 

lose phase coherence in the transverse plane, influencing image contrast.  

5. Echo Time (𝐭𝐞𝐜𝐡𝐨): The time between the application of a pulse and the collection 

of the signal, influencing image contrast.  

6. K-space sampling: K-space matrix dimensions used for image reconstruction. 

7. Gyromagnetic Ratio (𝚪): A physical constant that relates the magnetic moment of 

a proton to its angular momentum, impacting resonance frequency.  

8. VENC: The velocity encoding value, used for velocity-encoded MRI.  

9. Total Sequency Time: The total duration for the entire MRI sequence to complete. 
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3 RESULTS AND DISCUSSION 

3.1 Validation 

This section encompasses comprehensive validations of the embolisation coil and clot 

formation models alongside 4D MRI experimentation aimed at the verification of 

computational results to follow. 

3.1.1 Coil Model Validation 

The computational validation of the derived resistance coefficients, as discussed in section 

2.3.1, was conducted by way of a parametric mesh refinement study. Twelve meshes of 

increasing resolution were investigated, with the key flow variable for comparison between 

the experimental (actual) and computational (theoretical) regimes being the outlet mass 

flow rate [kg/s]. In Figure 38, the error trend between experimentally and computationally 

derived values is illustrated. The error diminishes exponentially, reaching a constant 

percentage error of approximately 0.25%. The mesh metrics for the final utilised mesh are 

detailed in Table 9, which corresponds to the cross-section shown in Figure 38. 

Table 9: Final mesh metrics for uniform porosity coil model validation 

Mesh Details Value 

Number of mesh elements 1,181,188 

Average aspect ratio 3.4381 

Average element quality 0.8337 

 

Figure 38: Outcome of parametric validation for embolisation coil simulation 
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Figure 38 illustrates that further mesh refinement beyond approximately 1.2 million 

elements does not have a significant impact on error reduction but increases computational 

cost by ≈ 15 % for each addition of 1 million cells. Hence, this mesh configuration was 

selected as the optimal compromise for further analysis.  

The results of the implementation of the uniform porosity model in the AVM structure are 

presented in Figure 39. The set coil volume is delineated in both contours, and this may be 

interpreted as the region where both pressure and velocity experience a marked and abrupt 

reduction, indicative of a significant decrease in the total energy of the working fluid. 

 

Figure 39: Velocity magnitude contour (left) and pressure contour (right) for an 

embolised AVM structure 

Additionally, Figure 39 highlights a key limitation of the uniform porosity modelling 

technique. It fails to capture the complex flow dynamics observed in a packed coil 

configuration. Here, both velocity and pressure reductions are highly localised and regular, 

which does not accurately represent the impact of the tortuous geometry of a packed coil, 

as noted by Panneerselvam et al (2023). In reality, fluid permeates through gaps in the coil 

structure, resulting in a less uniform resistance distribution. This discrepancy underscores 

the need for a non-uniform porosity model, which more effectively characterises the coil’s 

distribution, while preserving the fluid property description adopted for this work. The 

porosity and permeability parameters derived from this model may be directly applied to 

the non-uniform porosity model, therefore, the only modification in the simulation is the 

altered coil geometry, while the properties influencing flow resistance remain consistent. 
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3.1.2 Clotting Model Validation 

As mentioned in section 2.4.2, the validation of the shear-based clotting model was 

conducted via comparison with experimental data collected by Ngoepe et al (Prof. Wei Hua 

Ho, personal communication, June 6, 2024),  wherein, a pure fibrin clot was grown in vitro 

using an idealised aneurysm model. The computational geometry, replicated from the 

experimental setup is shown in Figure 40 and depicts that the case in question is a simplified 

berry or saccular aneurysm (resembling a berry on a narrow stem). The “Parent Vessel” in 

Figure 40 is the feeder artery for the aneurysm. 

 

Figure 40: Saccular aneurysm flow domain for clotting validation 

The “Clot Origin Face” denoted in Figure 40, serves as the site of clot nucleation in the 

computational domain. This is enforced in order to reproduce clot initiation in the 

experimental setup that incorporates biochemical reactions. Computationally, the aneurysm 

sac and parent vessel are separated into two distinct regions to ensure clot formation begins 

in the damaged vessel, however clots are not limited to the aneurysm sac and may extend 

into the parent vessel flow.  

It is important to reiterate here, that the purpose of the shear-based clotting model is to 

capture the end-state of clot formation, i.e., to determine the final stable clot structure. As 

a result, the clotting validation was conducted by considering two primary factors, namely 

the total stable clot volume and the distribution of the stable clot within the aneurysm.  
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The stable clot volume is parameterised as the percentage occlusion (PO) [%] of the 

aneurysm sac, which in the case of the experimental clot was determined by way of visible 

area (Ngoepe et al, 2021), while the computational distribution is examined in 2-and-3D.  

 

Computational PO [%] Experimental PO [%]  
57.18 57.6 

Figure 41: Planar comparison of stable clot formations produced by the shear-based 

clotting model (left) and experimentation (right) 

Shown in Figure 41, the computational clot formation is coloured dark red, while the 

experimental clot formation is coloured light blue, which is due to dye being introduced 

for clearer clot visualisation. The shear-based clotting model produces results that closely 

resemble the in vitro fibrin clot, supporting its application in this context. Notably, the shear 

rate threshold does not fully account for the clot front directly, as such it is less sharply 

defined. Although the model slightly underestimates the final clot size, the deviation is 

within 0.5% occlusion, which is acceptable given that this is a simplified model that does 

not explicitly incorporate biochemical interactions or transport. 

Furthermore, the clot distribution shown in the experimental model, i.e., the larger clot 

formation on the left-side of the aneurysm is captured by the shear-based clotting model. 

This observation is significant as the flow in the parent vessel is moving from left to right 

in the plane of the images shown in Figure 41. Hence, it is expected that an anti-clockwise 

flow would arise in the aneurysm sac, with the highest shear flow entering from the parent 

vessel and moving up the right wall of the aneurysm, which is shown in Figure 42. As a 

result, clotting is concentrated in the region of lower shear rate, thus a larger formation is 

shown on the left side of the aneurysm sac. It is important to note that the clot progression 

occurs within the computational model and reflects model time, not physical time. The 

dynamics alluded to here represent the shear-dependent clot growth resolved during the 

simulation rather than real-world clotting timescales.  
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Figure 42: Initial and final vortex within the aneurysm sac 

As depicted in Figure 42, the anti-clockwise vortex within the aneurysm persists after the 

clot has formed, with the highest velocities concentrated on the right side of the aneurysm. 

Notably, the vortex visibly overlaps the clot because it is a 3D structure that does not fill 

uniformly across the sphere of the aneurysm. This localised high-velocity zone results in 

elevated shear rates, inhibiting clot formation in that region. Conversely, the lower shear 

rates on the left side of the aneurysm create a more conducive environment for clotting. 

The differential shear exposure effectively guides the final clot distribution and total clot 

size, with the clot front being mechanically restricted from advancing into the higher-

velocity zone on the right side. This flow-induced asymmetry dictates the thrombus 

morphology, as the interplay between clotting and flow dynamics creates a self-regulating 

mechanism where flow patterns influence the final spatial distribution of the clot.  
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3.1.3 MRI Verification  

The validation of computational models is essential for ensuring their reliability, 

particularly in complex biomedical flow scenarios such as AVM embolisation. In this study, 

4D MRI was used as a verification tool, providing an experimental dataset to assess the 

accuracy of the velocity fields generated by the CFD simulations. While this approach 

offers valuable insights, it is emphasised that the MRI testing was conducted as part of a 

feasibility study, highlighting the potential utility of the tabletop MR scanner for 

biomedical flow research rather than achieving full validation.  

The field of view (FOV) of the MRI is a 20 × 15 × 15 mm volume, with minor tolerances 

allowed for the effects of bore-wall interaction, while the presented results utilise a voxel 

resolution of 0.235 mmଷ, constrained primarily by the 𝑥 − 𝑧 plane of the magnet with the 

𝑦 axis being aligned with the direction of flow. This resolution was achieved using a fixed 

k-space encoding array of size 32 ×  16 ×  16. Despite spatial resolution limitations, the 

MRI effectively captured core flow structures and velocity distributions within the AVM, 

enabling qualitative and quantitative assessments.  

To address phase aliasing errors, as mentioned in section 2.6.2, a custom unwrapping 

algorithm was applied, significantly improving data quality and producing a coherent 

midplane velocity contour. The refined data shown in Figure 43, is a rotated and anti-aliased 

version of the raw data presented in Figure 36. 

 

Figure 43: 4D MRI midplane contour 
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Figure 43 depicts a velocity field parabolic profiles at the inlet, reflecting the expected 

quadratic distribution of developed internal flows. Low-velocity zones associated with 

recirculation are also captured, providing key insights into flow behaviour within the AVM. 

The inlet flow progresses into the malformation, maintaining a core flow pattern. However, 

adjustments to the geometry to fit within the AVM bore reduced curvature in the vascular 

phantom, leading to diminished recirculation compared to the baseline scenario, which may 

be found in section 3.2. These geometric changes, along with spatial resolution constraints, 

limited the ability of the MRI to resolve near-wall velocities. 

To verify the CFD results, Figures 44 and 45 present comparisons between the MRI and 

computational velocity fields. The CFD data was intentionally coarsened to match the MRI 

resolution. A section plane, shown in Figure 44 (a), was selected for clear comparison. 

 

Figure 44: Comparison of MRI (b) and CFD (c) flow fields 
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Figure 44 demonstrates strong agreement between CFD and MRI datasets, with both 

capturing similar flow structures, velocity magnitudes and key features such as flow 

impingement on the AVM wall. Notably, the location and velocity magnitudes associated 

with this impingement shows consistency between the two datasets, reinforcing the 

computational model’s accuracy. Vortical flow patterns also exhibit alignment in terms of 

magnitude and orientation, suggesting that CFD reliably simulates the AVMs internal flow. 

Minor discrepancies, such as directional discontinuities at the aneurysmal apex and high-

velocity core, are attributed to limitations in the MRI dataset, including masking 

inaccuracies and phase aliasing. These issues are explored further in Figure 45, which 

presents a planar streamline comparison. 

 

Figure 45: Planar streamline comparison 

Figure 45 highlights coherence between the computational and MRI velocity fields, with 

the streamlines in both datasets showcasing similar patterns. Both datasets capture similar 

internal flow structures such as comparable streamline density distribution, curvature, and 

vortex core location. Furthermore, the computational and experimental models show this 

core forming in the lower section of the AVM, slightly to the right of the primary outlet 

flow stream and exhibiting a clock-wise circulation. 

Differences at the aneurysmal zone apex are likely due to masking defects in the MRI 

dataset, which has assigned velocities to regions outside of the AVM geometry (air in the 

MRI bore), however, these discrepancies correspond to low velocities and minimally affect 

the overall flow comparison. 
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Figure 46 depicts a spatial map of the percentage difference in velocity magnitudes between 

the MRI and computational datasets. This comparison was achieved by aligning the 3D 

flow fields, followed by nearest-neighbour interpolation of the higher-resolution CFD data 

onto the MRI grid. This process allowed for a direct, point-by-point evaluation of 

discrepancies between the two velocity fields, offering insight into areas of agreement and 

divergence. 

 

Figure 46: Spatial map of differential velocity magnitude 

The spatial map in Figure 46 identifies three primary error sources: 

1. The most prominent error is found in regions of vortical flow adjacent to the core 

flow, where steep velocity gradients challenge MRI accuracy. 

2. Misalignment errors due to masking inaccuracies at the intersections between MRI 

and CFD dataset boundaries.  

3. Near-wall regions where MRI resolution limitations affect data reliability. 

Despite these sources of error, the overall agreement between the MRI and CFD datasets 

remains strong. The greatest error, approximately 22%, is localised, while most of the 

internal flow regions exhibit errors ranging from 0 − 2%. This indicates a prominent level 

of similarity and reliability in the computational model’s representation of the baseline 

flow; hence the computational data is taken to be verified while the validation of the 

reliability of the coil and clotting models are presented in sections 3.1.1 and 3.1.2, 

respectively.  
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MRI limitations and future potential 

While 4D MRI proved effective as a verification tool for CFD results, several limitations 

hinder its use as a comprehensive validation method. The primary challenge lies in 

achieving useful results at higher spatial resolutions. The resolution of the presented results 

is insufficient to capture boundary layer and near-wall velocities. This limitation is 

particularly evident at the AVM inlet, where impinging flow interacts with surfaces of high 

curvature, leading to signal degradation and data loss, as observed in Figures 44 and 45. 

Although the SLA-printed AVM geometry, constructed from high-resolution polymer resin, 

minimises scattering effects, the scanner’s resolution remains the principal constraint at this 

scale, however it should be noted that this was primarily constrained due to time limitations 

and is not a technical or inherent limitation of the scanner. 

Phase aliasing further complicates the data acquisition process. Custom unwrapping 

algorithms were applied to mitigate these errors, but the corrections remain limited by the 

constraints of the MRI’s spatial and temporal resolution for the presented results. Masking 

defects also introduced discrepancies, particularly in high-curvature regions such as the 

aneurysmal apex, as seen in Figure 45, where velocity values were inaccurately assigned.  

Addressing these limitations would enhance the utility of 4D MRI for validating CFD 

models. Improved spatial resolution would allow for more accurate representation of near-

wall flows, while longer scan durations and averaging methods would mitigate signal 

degradation as exemplified by Zafar et al (2019) and thus serve to improve data gathered 

at higher spatial resolutions. If these challenges are overcome, 4D MRI could evolve into 

a robust tool for validating computational models in biomedical flow research, providing 

high-quality qualitative and quantitative insights into complex vascular dynamics. 
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3.2 Pathophysiological Flow 

Pathophysiological flow refers to the natural, unembolised haemodynamics within blood 

vessels, occurring under diseased physiological conditions. In this context, it specifically 

refers to the blood flow through the AVM in the absence of embolisation or clotting 

phenomena. The unaltered flow field within the AVM under baseline conditions, as set out 

in section 2.5.2, is shown in Figure 47. 

  

Figure 47: 3D velocity rendering (left) and midplane clipped velocity streamlines (right) 

of pathophysiological flow through the AVM 

From Figure 47, a relatively high-velocity core flows centrally through the malformation, 

originating from the constrained arterial inlet and preferentially directing towards the 

venous outflow, in a similar manner to the flow discussed in section 3.1.3. The regions of 

lower velocity correspond to areas of recirculation, as depicted by the streamlines on the 

right, which arise primarily due to vessel curvature. These regions are of clinical 

significance, as the zones of recirculation exhibit low flow and shear rates, increasing the 

likelihood of clot formation. Additionally, high-curvature areas, coinciding with regions of 

slow flow, are prime sites for clot initiation due to reduced shear rates. This occurs because 

the concave wall geometry relative to the mean flow direction slows the velocity, hence 

lowering shear.  

Establishing the baseline flow state is essential for accurately assessing the impact of 

embolisation procedures, clot formation, and the overall success of interventions. Both 

localised AVM flow and larger-scale flow parameters must be considered, as the 

introduction of embolisation coils and clot formation in the AVM significantly alters the 

pathophysiological flow by way of flow redirection through the feeder and draining vessels. 
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The aforementioned larger-scale flow parameters are herein defined as the AVM baseline 

values, derived from the pathophysiological flow field, and are summarised in Table 10. 

The flow variables selected to serve as the descriptors of the baseline state are the volume-

averaged AVM shear rate (γ̇୅୚୑) and the volumetric flow rate through the malformation 

(Q୅୚୑). This is extended to include the clot volume in later sections. 

Table 10: Baseline AVM flow properties 

Property Baseline Value 

𝛾̇஺௏ெ [𝑠ିଵ] 74.417 

𝑄஺௏ெ [𝑚𝑚ଷ/𝑠] 1.458 

The volume-averaged shear rate serves as an indicator of the velocity gradients within the 

AVM and reflects the degree of flow disturbance. Higher shear rates typically correspond 

to disrupted flow patterns, which are commonly observed under pathophysiological 

conditions in the presence of an AVM. Following embolisation, the shear rate is expected 

to decrease compared to the baseline pathophysiological flow due to the reduction in the 

overall velocity within the AVM, as flow is diverted into the parent and draining vessels. 

When comparing different embolisation cases, this trend in the overall reduction in shear 

rate is expected to continue as flow resistance is incrementally increased, however a higher 

post-embolisation shear rate may signify that the clot has successfully restricted high-

velocity flow paths within the AVM, reflecting the desired outcome of effective 

embolisation. Hence, both a quantitative and qualitative evaluation of the AVM flow field 

is required to interpret flow reduction due to clot formation.  

The AVM flow rate serves as the most powerful tool in assessing embolisation success, as 

it directly quantifies the degree to which blood flow through the AVM has been obstructed. 

Following the introduction of coils and subsequent clot formations, the flow resistance 

increases, causing a significant reduction in the AVM flow rate. This reduction is a hallmark 

of embolisation efficacy, as it indicates that blood is being diverted away from the AVM 

and redirected into parent and draining vessels. The ultimate goal of embolisation is to 

reduce the AVM flow rate to zero, representing complete occlusion and the effective 

elimination of the pathological AVM.  

To facilitate meaningful comparisons, these metrics are consistently referenced against the 

pathophysiological flow, hereafter referred to as the baseline (B). Subsequently, the 

outcomes of various embolisation configurations can be more clearly interpreted, providing 

a more robust framework for evaluating procedural success.   



61 
 

3.3 Embolised Flow 

Embolised flow, refers to the haemodynamic environment resulting from the introduction 

of the embolisation coil alone, i.e., in the absence of clotting effects. The insertion of coils 

by way of manually-fed catheter delivery is effectively random, thus six distinct 

embolisation cases are investigated to represent stochastic variations in coil configurations 

and evaluate the subsequent effect on flow characteristics.  

The configurations include the insertion of one, two, and three coils, at different coil 

insertion angles. The number of coils selected was determined based on findings by 

Trerotola et al (2019), wherein a mean of 3 inserted coils were found to be sufficient for 

embolisation in all porcine cases investigated. Two distinct coil insertion angles were 

selected, namely 0° (straight) and 45° (angled) relative to the AVM inlet feeder axis. This 

selection is based on standard bent-tip catheter angles commonly used in clinical practice, 

as documented in microcatheter product catalogues (Endovascular Today, 2024).  

The primary aim of this analysis is to evaluate the impact of coil quantity and insertion 

angle on the local flow and pressure within the AVM. The expectation is that the 

introduction of the single coil will result in the most substantial reduction in flow velocity, 

with subsequent additions of coils showing a diminishing effect. The insertion angle 

influences flow patterns indirectly by altering the final configuration of the coils, which 

affects their interaction with the surrounding fluid. This relationship highlights how coil 

positioning, determined by the insertion angle, governs the resulting haemodynamics.  

A naming convention has been established for the different coil configurations. The single, 

double, and triple cases are denoted by the letters S, D, and T, respectively, followed by 

the insertion angle, e.g., the double-coil case with a 45° insertion angle is denoted as D45.  

Figures 48 and 49 present detailed representations of the embolisation scenarios 

considered, including variation in coil insertion angles, featuring both the smoothed coil 

geometries and their discretised forms as translated into the solver accompanied by the 

surrounding streamlines. Additionally, the spatial variation in pressure along the length of 

each coil is evaluated by plotting the pressure drop as a function of coil length. The 𝑦 axis 

represents the pressure [mmHg], while the 𝑥 axis corresponds to the length of the coil 

[mm], aligned with the direction of blood flow. This pressure distribution provides insight 

into the local pressure gradients and allows for a clear assessment of how coil geometry 

and placement affects haemodynamics within the AVM.
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Figure 48: Straight catheter delivery embolisation cases (Pressure [𝑚𝑚𝐻𝑔] vs. Coil Length [𝑚𝑚]) 
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Figure 49: Angled catheter delivery embolisation cases (Pressure [𝑚𝑚𝐻𝑔] vs. Coil Length [𝑚𝑚]) 
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The streamlines presented in Figures 48 and 49 substantiate the use of the non-uniform 

porous media model coil description as the method captures the most fundamental flow 

characteristics associated with the in vivo coil flow obstruction, i.e., stagnation and flow 

diversion. As streamlines encounter the coil surface, they either stagnate or divert, creating 

regions of low and high velocity around the coil. These behaviours are captured in the 

pressure and streamline distributions, where stagnation points, and areas of accelerated 

flow can be observed. The coil structure induces flow compression and elongation, 

increasing the local velocity and causing a corresponding pressure drop, which is 

particularly evident in the pressure versus coil length graphs, where pressure peaks are 

observed at stagnation points, followed by sharp drops as fluid accelerates around the coil. 

The coil’s geometry plays a key role in influencing these local pressure gradients, i.e., in 

regions with denser packing, higher resistance leads to more significant pressure drops, as 

seen in the T0 column of Figure 48. Conversely, in areas where the coil packing is less 

dense, the pressure drop is less pronounced, as shown in the D45 column of Figure 49. In 

the context of AVM treatment, the pressure drop induced by the coil serves to reduce the 

blood flow into the AVM and thus promotes the formation of downstream clots. The global 

flow rate reduction through the AVM is a result of the diversion of flow to the parent and 

draining vessels, which aids in occluding the abnormal vasculature. 

Figures 50 and 51 illustrate that the pressure approaches zero for all cases from between 

5 − 6 mmHg, emphasizing that the pressure differential across the AVM is significantly 

lowered and exemplifying the diminishing effect of increasing the number of packed coils. 

This finding agrees with Piasecki et al (2020) which found that changing endovascular coil 

configurations in vivo caused no significant change in intra-aneurysmal pressure. 

 

Figure 50: Straight insertion angle coil pressure drop 
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Figure 51: Angled insertion angle coil pressure drop 

The analysis of overall pressure drops across the length of the coils, depicted in Figures 50 

and 51, reveals a clear trend. As anticipated, the total pressure reduction increases with the 

number of coils inserted, with subsequent incremental changes in pressure drop between 

successive coils for both the straight and angled insertion scenarios. This observation could 

imply that a single coil might suffice for effective AVM occlusion. Nevertheless, to 

substantiate this hypothesis, it is necessary to correlate these findings with the reduction in 

AVM flow rate post-clotting for a more comprehensive assessment of AVM occlusion. 

To better analyse the overall impact of the coil embolisations, with respect to one another 

pressure drop and AVM flow rate for each coil insertion are shown in Figure 52.  

 

Figure 52: Flow variables for different embolisation cases 
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Figure 52 emphasizes the inverse relationship between the pressure drop across the coil 

and the flow rate entering the AVM. Specifically, as the pressure drop across the coil 

increases, the downstream pressure decreases, resulting in a diminished pressure gradient 

across the AVM. This reduced pressure differential translates directly into a lower flow rate 

through the AVM. This relationship is crucial for determining the success of AVM 

occlusion procedures, as lower flow rates are more likely to lead to successful embolisation.  

Table 11: Coil packing densities 

Case S0 D0 T0 S45 D45 T45 
Packing Density [%] 33.43 34.13 40.86 33.06 33.78 36.13 

 

Table 11 presents the coil packing densities achieved for each coil configuration, defined 

as the percentage of the flow volume occupied by the coil within its bounding box. Packing 

density increases with the number of coils, reflecting clinical practice, where sequential 

coil placement enhances flow blockage. Notably, for the AVM case investigated, a straight 

insertion angle results in higher packing densities. This advantage likely arises from the 

vessel curvature near the deployment site, which influences coil configuration by inducing 

kinks as coils collide with the vessel wall. These collisions affect dynamic packing, 

promoting tighter configurations and enhancing flow obstruction. 

A comparison of the six embolisation cases illustrated in Figure 52, in conjunction with the 

data presented in Table 11, indicates that the T0 configuration is the most effective in 

facilitating AVM occlusion. This stems from the greater number of coils employed in the 

T0 case as well as the higher coil packing density of 40.86%, which creates greater 

resistance to flow, a slightly greater pressure reduction and a lower flow rate. In contrast, 

T45 , which has the same number of coils but a lower packing density of 36.13% is less 

effective. This variation, resulting from the change in coil insertion angle, is similarly 

evident in the other cases. For instance, when evaluating S0 and S45 as well as D0 and 

D45, the angled insertion cases demonstrate lower packing densities, leading to a 

comparatively smaller pressure drop and a higher AVM flow rate, while the number of coils 

remains consistent. 
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3.4 Evaluation of Final Embolised States 

The success of coil embolisation procedures relies on more than just the mechanical 

blockage provided by the coils. It is shaped by a complex interplay of factors, including the 

number of coils deployed, the extent of clot formation, and the subsequent alterations in 

flow dynamics. A thorough evaluation of embolisation effectiveness involves detailed 

analyses of flow patterns and the combined impact of these embolisation mechanisms.  

3.4.1 Comparison of baseline and single coil embolised flow 

A comparison between the uncoiled baseline flow (B) and the S0 case serves as a reference 

for the current evaluation. Figure 53 illustrates the distinct flow patterns in these scenarios, 

highlighting the clotting effects induced by the application of the coil. 

 

Figure 53: Comparison of baseline and S0 AVM flow field 
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In Figure 53, as seen in Figure 47, the baseline flow demonstrates a clear and predictable 

pattern. At the section plane, a relatively high-velocity core moves within a toroidal vortex, 

which appears as two counter-rotating planar vortices of lower velocity, representing a 

stable flow condition under normal circumstances. However, in the S0 case, the overall 

flow velocity has drastically reduced due to the combined effects of the coil placement and 

clot formation. This reduction is particularly notable at the inlets, where the velocity 

decreases from 46 cm/s in the baseline flow to approximately 10 cm/s in the S0 case. 

The planar vortices in the baseline case are present in S0, but they are irregular and 

significantly diminished in strength. As a result, flow velocities are more distributed and 

exhibit less coherence in the S0 case compared to the baseline flow state. Around the clot, 

flow velocity drops drastically, as blood is redirected around the high-resistance regions 

formed by the clot volume. Some narrow regions near the clot front experience local 

acceleration, indicating that the remaining flow jets around the clot as the pathways 

available for the blood to pass through are constricted. Sharper velocity gradients appear 

near these clot boundaries due to the flow being actively diverted. 

Furthermore, the reduced flow in the recirculation zones highlights that flow detachment 

near the clot’s larger formations is contributing to the flow stagnation. This reinforces how 

clot formations create a positive feedback loop where regions with low flow tend to be 

conducive to clotting, which in turn slows flow further, facilitating additional clot 

formation. This feedback mechanism is also clear in the subtraction map, wherein the 

regions corresponding to clotting exhibit minimal changes between the flow states. 

The subtraction offers insight into the most significant differences in the AVM flow fields. 

The most substantial variations occur near the inlet and within the core region of the 

baseline flow, where velocity has drastically reduced. The draining flow exhibits a 

substantial change in the flow distribution in the lower section of the AVM, where the 

exiting flow exhibits both an outflow and inflow as a result of the change in the 

impingement area between the two flow states.   

The overall effects of coil embolisation and clot formation in the S0 case highlight 

significant flow deceleration and redistribution within the AVM. These changes provide a 

clear indication of how mechanical interventions such as coil embolisation can 

substantially alter local haemodynamics, achieving their clinical goal of reducing blood 

flow to a malformation. This understanding is essential for optimising embolisation 

strategies to ensure maximum occlusion and successful clinical outcomes. 
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The overall effects are further interrogated using the changes to the baseline AVM flow 

properties. These are presented in Table 12. 

Table 12: Change in AVM baseline properties 

Property Baseline S0 Difference [%] 

𝛾̇஺௏ெ [𝑠ିଵ] 74.417 50.112 32.66 

𝑄஺௏ெ [𝑚𝑚ଷ/𝑠] 1.458 0.322 77.91 

The volume-averaged shear rate within the AVM demonstrates a significant reduction of 

32.66%, which can be attributed to the combined effects of coil placement and clot 

formation. These effects suppress flow velocity, thereby reducing velocity gradients that 

contribute to elevated shear rates within the malformation. The coil serves as a physical 

barrier that disrupts the natural flow patterns, while clot formation amplifies this effect by 

further obstructing flow. 

Similarly, the AVM flow rate exhibits a substantial decrease, with the coil alone reducing 

the flow rate to 0.336 mmଷ/s prior to the onset of clotting as opposed to 0.322 mmଷ/s 

post-clotting. This underscores the primary role of the coil as the initial and dominant 

means of flow obstruction. It is this interaction between the coil implantation, the 

subsequent clot formation and the overall changes in AVM flow rate, that serves as the 

mechanism by which embolisation procedures may be assessed as successful, as discussed 

in section 3.4.4.  

3.4.2 Impact of coil packing on flow and clot formation 

The degree of coil packing within the AVM influences both haemodynamics and clot 

development. As coil packing increases, the obstruction to blood flow becomes more 

substantial, leading to marked reductions in the AVM flow rate. These changes in flow 

promote an environment conducive to clot formation and resulting in larger stable clots.  

Having established the pressure drops and flow reductions caused by the coils in 

conjunction with the overall flow changes related to embolisation as discussed in section 

3.4.1, the following will shift focus toward a comparison of the different embolisation 

cases. This comparison will separately evaluate the straight and angled coil insertion groups 

to analyse the impact of varying the number of coils within each series. Additionally, it will 

provide a comparative assessment of how changes in the insertion angle affect the AVM 

flow. The resultant clot formations and AVM flow fields are depicted in Figure 54.
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Figure 54: AVM flow for all coil configurations 
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𝟎° angle of insertion series (S0-D0-T0) 

As shown in all cases, the major fibrin clot formation within the AVM is primarily located 

at the top right of the malformation, denoted as “Major Clot” in Figure 54, and thus is in 

the area of recirculation with the lowest shear similar to that encountered by Sakariassen et 

al (2014). The size of this clot increases with the number of inserted coils. This formation 

highlights the relationship between coil packing and flow resistance within the 

malformation. Furthermore, the 0° series highlights an important factor in total clot size 

within the malformation, the location and distribution of the clot. 

The stable major clot encroaches on the malformation inlet, which is a region of high flow 

velocity, as the number of coils increases. Clot formations in this constricted area heighten 

the potential for total vessel occlusion, which would result in the most significant reduction 

in AVM flow. However, this region also experiences the highest shear rates as the clot nears 

the inlet in successive cases. Consequently, the increased shear at the leading edge of the 

clot inhibits further growth and raises the possibility of fibrinolysis. 

A secondary observation, particularly in case T0, is the strengthening of the central vortex 

as the coil count rises. In T0, the vortex results in relatively higher velocity circulating flow, 

preventing the formation of the minor clot on the left side of the malformation where flow 

separation previously occurred in the S0 case.  

𝟒𝟓° angle of insertion series (S45-D45-T45) 

Similar flow characteristics as discussed for the 0° of insertion cases may also be found in 

the 45° cases, e.g., the strengthening of the central vortex and its impact on the major clot 

formation as well as the change in location of the minor clot growth from the left to the 

right wall of the malformation. Furthermore, the distribution of the major clot shows that 

growth (referring to the change in total clot size between cases) is consistently focused on 

the right of the malformation, away from the inlet, as noted for cases D45 and T45.  

Major clot formations in this region would result in a marginal increase in the overall flow 

resistance of the malformation in comparison with those near the inlet as was discussed for 

the straight angle cases. This observation is similar to findings regarding clot formation in 

proximal (upstream/supply) vessels versus distal locations in the brain from Sillanpää et al 

(2013). This would suggest that, for the stochastic cases under consideration, the angled 

coil embolisation cases may have a comparatively lower effect on flow reduction and 

therefore may exhibit higher intra-AVM flow rates. These initial observations are supported 

by and expanded upon through the evaluation of the AVM baseline values. 
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Baseline value comparison 

Assessing the overall flow quantities, i.e., the AVM baseline values, allows for the 

determination of the comparative success of the embolisation cases. These baseline values 

are given in Table 13. 

Table 13: Baseline values 

Property 
S D T 

0 45 0 45 0 45 

Clot volume [mmଷ] 296.30 321.24 329.21 309.55 339.67 301.74 

γ̇ୟ୴୫ [sିଵ] 50.11 55.72 55.09 53.37 59.60 57.57 

Q୅୚୑ [mmଷ/s] 0.322 0.331 0.286 0.285 0.224 0.257 

 

The comparison of the 0° series’ baseline values demonstrates key trends in haemodynamic 

parameters that highlight the influence of increasing coil numbers on occlusion efficacy. A 

notable increase in clot volume is observed as coil numbers increase with S0 exhibiting the 

smallest clot volume and T0 exhibiting the largest at 339.67 mmଷ. This progressive 

increase in clot volume with increasing coil number shown for the 0° series, further 

emphasizes the increase in the overall AVM flow resistance with an increasing number of 

inserted coils, evidence of which is shown in cases like D0 and T0, wherein the larger clot 

volumes are indicative of a local low shear environment. 

In contrast to the 0° coil insertion series, clot volume decreases with increasing coil number 

in the angled coil insertion series. This trend is primarily due to the preferential formation 

of clots on the right side of the AVM, as shown in Figure 54, where clot volume increases 

with additional coils but has minimal impact on overall flow reduction. This highlights an 

interplay between the extent of clotting and its location, as the localised clot formation does 

not obstruct the AVMs primary flow path and thus does not contribute significantly to the 

positive feedback loop which accompanies clot formation.  

The general trend in AVM shear rate shows an increase with a greater number of inserted 

coils, suggesting that as more coils and/or clots are present, higher velocity flows are 

hindered. This increase in shear rate could result from a combination of factors, including 

the development of a greater velocity gradient near the clot and vessel walls, as well as a 

reduction in the distance over which the velocity changes occur, such as the flow 

acceleration near the clot surface. Both of these arise as a result of clotting and contribute 

to the observed rise in shear rates within the flow field.  
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Hence, larger clot volumes are typically associated with higher shear rates, but there is a 

complex interaction between the number of coils packed, clot formation, and their effects 

on the overall shear rate. This is evident in the 45° insertion series, wherein S45 has the 

largest clot volume at 321.24 mmଷ, yet T45, exhibits a higher shear rate.  

Meanwhile, D45 shows a lower shear rate than S45 despite having more clotting than T45. 

This suggests that while increasing the number of coils consistently raises shear rates, as 

seen in the 0° series, comparatively smaller clots may still result in decreased shear. 

The flow rate through the AVM consistently decreases as the number of coils increases, 

reflecting effective occlusion of blood flow. In the 0° series, S0 shows the highest flow 

rate, while T0 achieves the overall lowest at 0.224 mmଷ/s . A similar trend is observed in 

the angled series, though with higher overall flow rates. This steady reduction underscores 

the role of coil embolisation and clot formation in diverting blood away from the AVM. 

Clinically, these findings are particularly significant for T0, as they indicate a strong 

likelihood of complete flow blockage. The assessment of the investigated embolisation 

cases utilising a clinical metric is detailed in section 3.4.4.  

Impact of coil insertion angle on flow and clot formation 

The overall trends from the data in Table 13 indicate that the 0° coil insertion cases 

consistently outperform the 45° cases across nearly all measured metrics. This superiority 

is evident for all configurations, however, there are notable exceptions, such as the single 

coil AVM shear rates and the double coil AVM flow rate. Specifically, for the single coil 

cases, S45 shows a significantly larger clot volume due to preferential clot formation on 

the right side of the AVM, comparable to D0, resulting in a higher shear rate. Additionally, 

while D45 exhibits a slightly lower flow rate than D0, the difference is marginal, suggesting 

the two cases have comparable performance, likely due to similar coil packing densities as 

outlined in Table 11.  

These findings align with expectations discussed in section 3.3, reinforcing that the 0° 

insertion angle consistently delivers better performance. This is likely attributable to the 

more effective and denser packing configurations obtained through the use of the 0° coil 

insertion angle, which enhances flow diversion and redirection away from the AVM and 

into its feeder vessels, exhibiting agreement with the trend found in Morales et al (2011). 

Thus, for the stochastic cases investigated, the 0° series demonstrates an advantage over 

the 45° series in achieving successful embolisation outcomes. 
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3.4.3 Qualitative baseline flow comparison 

Moving on from the inter-case comparison, a qualitative and quantitative review of the 

changes in the AVM flow field are considered in sections 3.4.3 and 3.4.4 respectively. The 

qualitative comparison is achieved through the analysis of differential velocity maps, as 

shown in Figure 55. These visualisations reveal key insights into how flow dynamics are 

disrupted by the interventions, providing a qualitative basis for assessing the likelihood of 

success of each case.  

The general trend observed in the differential maps exhibit a noticeable reduction in 

velocity of the core flow as compared to the baseline flow, emphasizing the successful 

obstruction of high-velocity blood streams. The inlet of the AVM, as denoted for case S0, 

consistently shows the greatest reduction in flow, indicating that the combined effects of 

the coil implementation and clot formations significantly reduce the overall AVM flow rate. 

Regions displaying minimal changes in velocity delineate areas where clot formation has 

occurred as these correspond to baseline low-velocity zones, diminishing further blood 

movement. These observations are the clearest indicators of the effective disruption of the 

AVMs pathological shunting, diverting blood away from the malformation.  

The most substantial flow reduction near the impingement point for the baseline flow, as 

discussed in section 3.4.1 and demarcated for cases D0 and D45, is not evident in the single 

coil scenarios. This indicates that a single coil is insufficient to significantly disrupt the 

baseline flow at this location. In contrast, both double coil cases demonstrate a clear 

reduction in velocity around the impingement zone. Among the triple coil scenarios, T0 

exhibits the most significant change, both in terms of the velocity magnitude and the spatial 

extent of the affected area. The ability of T0 to produce such extensive flow reduction 

further supports its potential for clinical success, as it suggests a more robust blockage and 

a higher chance of complete occlusion.  

As shown for cases D0 and D45, the degree of recirculation on the lower left side of the 

AVM has a significant impact on the minor clot size, wherein stronger recirculation results 

in greater velocities and thus higher velocity gradients at the minor clot zone. Furthermore, 

a stronger recirculation here is associated with a reduced driving pressure over the AVM 

and suggests a more successful embolisation. Notably, while the impingement reduction 

for D45 is greater, it has a lower exit recirculation strength, potentially highlighting the 

reason for the similarity between the D0 and D45 cases as discussed in section 3.4.2.  
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Figure 55: Differential velocity maps for all embolisation cases
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The major clot formation observed in case T45, as discussed in section 3.4.2, is primarily 

concentrated on the right side of the AVMs aneurysmal zone. While this localised clotting 

does contribute to flow reduction, it is noticeably less effective than the clotting near the 

inlet region seen in case T0. In T0, the reduction in flow velocity is both more substantial 

in magnitude and more widespread, indicating a greater impact on overall blood flow. 

Finally, the overall success of the embolisation cases may be assessed by the degree to 

which flow is perturbed and hence reduced in the inlet stream. As shown in Figure 55, and 

supported by the values from Table 13, the extent to which the inlet stream or core of the 

AVM baseline flow is differentiated increases from the single coil to the triple coil cases 

for both the 0° and 45° coil insertion angle series.  

Ultimately, T0 and T45 show the most substantial reduction in the inlet stream, both in 

magnitude and area with T0 having a greater impact than T45. This obstruction is clinically 

significant because reducing the overall inlet flow can significantly impact the overall 

perfusion of the AVM, indicating successful coil embolisation.  

Having evaluated the visual changes in the AVM baseline flow due to the application of the 

different embolisation cases, 3.4.4 aims to quantify and discern the success of these 

procedures based on a clinical metric. 

3.4.4 Clinical evaluation of embolisation success 

The flow variations explored in sections 3.4.1 through 3.4.3 offer valuable insights into the 

underlying physics governing changes in the AVM during embolisation, however these 

changes are more or less case-dependent, i.e., they are largely influenced by the specific 

vascular geometry and curvature. The clinical significance of the different embolisation 

scenarios is ultimately quantified by the reduction in flow rate through the AVM, relative 

to the baseline case. 

As outlined in section 1.3.1, the primary clinical method for assessing intra-operative 

success during AVM occlusion involves the visual evaluation of contrast flow through the 

embolisation coil. This is typically conducted using Digital Subtraction Angiography 

(DSA), a technique where real-time imaging of the vessel is achieved via Computed 

Tomography (CT), with surrounding tissue digitally subtracted to enhance the clarity of the 

vascular structures. During this procedure, a contrast agent is introduced into the 

vasculature, allowing clinicians to determine the success of the embolisation based on the 

absence of visual contrast distal to the occlusive coil. This contrast imaging is typically 

conducted both intra-operatively and for long-term post-operative follow-up. 
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A variety of different contrast agents are used for intra-operative and post-operative CT 

scans; however, the most commonly used contrast agent is iodine in various concentrations 

and mixtures due to its water-soluble nature and limited risk to patients.  CT imaging may 

be described as an advanced post-processing medical imaging modality which typically 

operates on the basis of x-ray imaging. Iodine has a high atomic number, which makes it 

highly effective at absorbing x-rays, which allows for the enhancement of the contrast of 

x-ray images, allowing for a clearer differentiation between different tissues, and in this 

case between blood flow and the surrounding anatomy.  

An example of the CT contrast used by the DGMC is the VISIPAQUE୘୑ iodixanol contrast 

from GE Healthcare, with an iodine concentration of 320 mgI/ml. Assuming based on the 

desired clinical imaging state (Kaproth-Joslin et al, 2022; Lieber et al, 2009), that the 

contrast agent mixes completely with the arterial blood flow prior to entering the AVM 

feeder vessel, and that the laminar flow consistent throughout the arterial domain ensures 

an even distribution of the contrast, a direct comparison between the contrast concentration 

and the flow rate entering the AVM feeder may be made such that the percentage flow rate 

reduction will correspond to an equal reduction in contrast concentration.  

The limit of detectability (LOD) of iodinated CT contrast in blood has been found to be 

approximately 0.8 mgI/ml in vessels with a diameter of 3 mm, and 10 mgI/ml in vessels 

with a diameter of 1 𝑚𝑚 in Heshmat et al (2023) and Taylor et al (2019). The trend in both 

LOD and HU with decreasing vessel diameter has been fitted with a decaying exponential 

function as shown in Eqn 10. This form is derived by considering that x-ray attenuation has 

an inversely exponential relationship to scan depth (Brown et al, 2022; Darling et al, 2009), 

hence when isolating vessels with DSA, this law may be applied equivalently.  

C୫୧୬ = 34.17eିଵ.ଶଷ(∅౬)  
… … … … 10 

Given that the coils are present and complicate visualisation, their effect has been captured 

by scaling down the effective diameter of the feeder vessel in this area to 1.8 mm, thus 

resulting in the effective limit of detectability being 3.7 mgI/ml. The baseline flow was 

found to have a flow rate reduction between the arterial and AVM feeder of approximately 

87%. Applying this directly to contrast reduction, the initial contrast concentration in the 

AVM feeder without coiling is 20.8 mgI/ml, hence any flow rate reduction greater than 

82% will be taken as successful in occluding the AVM. The percentage flow rate reductions 

for each embolisation case are given in Figure 56. 
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Figure 56: Clinical evaluation of embolised states 

As illustrated in Figure 56, the triple coil configurations (T0 and T45) demonstrated success 

in achieving significant flow reduction, with the T0 case yielding the most pronounced 

decrease in flow rate. Furthermore, the analysis of the embolised flow state, which 

represents flow before clotting happens (as the operation is completed before the onset of 

clotting), indicates that the T0 configuration alone will be deemed a successful procedure.  

This finding aligns with clinical practices where vascular specialists emphasize the 

necessity of using multiple coils to achieve effective embolisation (Dr Cecil Mosimanegape 

Pule, personal communication, October 17, 2024), particularly for complex cases on this 

scale. Thus, the superior performance of the triple coil setup, especially the T0 

configuration, reflects standard procedural approaches, where achieving sustained flow 

reduction through the packing of multiple coils is critical for treatment efficacy. This 

complements the findings of Trerotola et al (2019) wherein a mean three coils were 

consistently sufficient for embolisation as mentioned in section 3.3.  

T0 is not only the most effective configuration but also the most robust, offering the highest 

level of confidence for successful embolisation. In contrast, while the T45 configuration 

also achieved success, this outcome was contingent upon clotting effects. It must be noted 

at this stage that the visual inspection that is carried out during the procedure is subjective 

and could be affected by various factors such as the ambient conditions in the theatre, the 

model and resolution of the scanner, the accessibility of the surrounding vasculature for 

contrast injection as well as inter-observer biases. 
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3.5 Impact of co-morbidities 

Further clinical evaluation of the embolised states with varied flow conditions has been 

included so as to extend the applicability of the model. Several vascular co-morbidities can 

coincide with the presence of an AVM, potentially influencing the success of the 

embolisation procedure. Two additional cases were considered where the boundary 

conditions for the AVM parent vessels were adjusted, in relation to the standard reported in 

section 2.5.2, to account for altered flow states, namely arterial hyper - and hypotension. 

3.5.1 Arterial hypertension 

Hypertension is the general term attributed to raised blood pressure and has several causes, 

including atherosclerosis: aortic stenosis: hypertensive heart diseases and renal artery 

stenosis etc. (Oparil et al, 2018). Taking a conservative approach, the highest pressure 

benchmark associated with hypertension is anything greater than 140 mmHg or 18665 Pa, 

which is applied as the initial gauge pressure, while the velocity was scaled to 0.3645 m/s, 

assuming a constant baseline flow resistance, through the application of Eqn 11, whereby 

the quadratic relationship between pressure drop and velocity is maintained.  

∆P୦୷୮ୣ୰୲ୣ୬ୱ୧୴ୣ

∆Pୠୟୱୣ୪୧୬ୣ
=

v୦୷୮ୣ୰୲ୣ୬ୱ୧୴ୣ
ଶ

vୠୟୱୣ୪୧୬ୣ
ଶ  

… … … …11 

The final changes in the success of the embolisation cases are subsequently presented in 

Figure 57. 

 

Figure 57: Evaluation of hypertensive embolised states 
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The success of embolisation in hypertensive cases mirrors that of the standard condition 

cases explored in section 3.4.4, as only the T0 and T45 scenarios were determined to be 

effective. While it is typically expected that hypertensive conditions would reduce long-

term embolisation efficacy (Kim et al, 2021), this suggests that the increased flow does not 

significantly affect the outcomes for the cases under investigation. However, coil-induced 

flow reduction is more pronounced, while clotting contributes proportionally less. This may 

be associated with the coils’ ability to block higher velocity flows, reducing them to levels 

similar to those observed in the standard cases. Nevertheless, this increased blockage raises 

shear rates within the AVM and allows higher flow rates, resulting in less clot formation, 

leading to a smaller reductions in flow related to clot structures, while the coils generate 

larger overall reductions due to the higher input velocities compared to the standard cases. 

3.5.2 Arterial hypotension 

Hypotension is the general term attributed to low blood pressure and is associated with 

diseases like septic shock; bradycardia; anaphylaxis and congenital heart defects etc 

(Sharma et al, 2023). For cases such as hypotension, blood pressure may decrease in one 

part of the lesion while potentially increasing in another. In the current context, reducing 

the inlet pressure is a logical approach to simulate hypotension, as it directly influences the 

driving pressure into the lesion, mimicking the systemic decrease in perfusion pressure 

observed in hypotensive cases. The most prevalent benchmark associated with hypotension 

is anything less than 65 mmHg or 8666 Pa, which is once again applied as the initial gauge 

pressure, while the resultant scaled velocity is 0.2484 m/s.  

 

Figure 58: Evaluation of hypotensive embolised states 
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For the hypotensive cases, exhibited in Figure 58, the flow reductions differ markedly from 

those observed under hypertensive and standard conditions. Here, the contribution of coils 

to flow reduction is comparatively lower, but the impact of clotting is enhanced. The 

reduced flow and shear rates inherent to hypotensive states create an environment 

conducive to clot formation, which in turn, increases the overall likelihood of clinical 

success. This is evident in cases D0 and D45, where the pronounced clotting effects pushed 

D0 to be classified as clinically successful and ultimately to outperform T45, despite lower 

initial flow reduction by the coils. The favourable conditions for clotting under hypotension 

suggest that reduced shear rates allow clots to stabilise and expand, making hypotensive 

conditions particularly advantageous for successful coil embolisation.  

Comparing these scenarios highlights distinct mechanisms across the hypertensive, 

hypotensive, and standard conditions. In the hypertensive cases, higher input velocities 

allow coils to reduce flow effectively, but the accompanying increased shear rates hinder 

clot formation. From a biochemical standpoint elevated shear rates in hypertensive 

conditions hinder coagulation factor accumulation and thrombus stability, thus resulting in 

reduced clot formation as discussed in findings from Ahmad (2020), and in the case of the 

investigated embolisation scenarios, leads to a greater reliance on coil performance for 

success. Conversely, hypotensive conditions demonstrate the opposite trend, i.e., lower 

initial flow reduction by the coils is offset by significant clotting which thrives under the 

reduced flow and shear conditions. These comparisons underscore the importance of 

understanding the interplay between flow dynamics and clotting mechanisms, suggesting 

that while hypertensive conditions demand robust coil performance, hypotensive 

environments enhance clotting, providing an alternative route to successful embolisation. 

Notably, venous hyper - and hypotension, although recognised conditions, were excluded 

from this analysis. This exclusion is justified as venous hypertension is often associated 

with severe, life-threatening illnesses such as congestive heart failure or portal 

hypertension, where the management of these conditions would take precedence over AVM 

treatment. Additionally, the impact of venous pressure changes on the AVM embolisation 

process is less direct compared to alterations in arterial pressures, making arterial 

conditions more relevant to this study. 
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4 CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusions 

This study presents a detailed analysis of AVM coil embolisation, combining CFD with 

experimental verification using 4D MRI to assess the effects of various coil configurations 

and clot formation on flow reduction. The results have demonstrated significant findings 

regarding optimisation of coil placement, mechanical factors of clot formation, and the 

validation of computational models, with insights for clinical practice.  

The effect of coil implantation was modelled through the application of a non-uniform 

porosity field, developed on the basis of a uniform porous media model which has been 

computationally and experimentally validated, exhibiting a percentage error of 0.25%. The 

non-uniform porosity model is capable of capturing the intricate coil structure within the 

AVM vasculature and the corresponding local pressure gradients surrounding the coils. 

The role of clot formation was explored through a shear-based porous media model, 

validated against experimental data. The computational data produced stable clot volumes 

closely resembling those observed in vitro, with a minor deviation of 0.42% when assessed 

for an idealised aneurysm case, affirming the simplified model’s reliability. Clot 

distribution and total clot size were shown to be influenced by local shear rates, with 

preferential formation occurring in regions of lower shear. Asymmetric clot distribution is 

driven by flow-induced differential shear exposure, which suppresses clotting in higher-

velocity zones. 

Verification of the computational models was achieved through comparison with 4D MRI 

data, which showed strong coherence in the resultant 3D flow fields. The MRI and CFD 

datasets exhibited similar qualitative flow structures, including the accurate representation 

of vortex cores and flow impingement on the AVM wall. Despite localised discrepancies, 

primarily attributed to MRI’s limitations in capturing high-gradient velocities and near-wall 

flows, the overall agreement confirmed the reliability of the computational models, with 

most flow regions showing an error range between 0 − 2%. The most significant 

discrepancies, reaching approximately 22%, were localised to areas of vortical flow 

adjacent to the core flow. These findings support the use of CFD as a predictive tool for 

preoperative planning, while demonstrating the feasibility of 4D MRI using a tabletop 

scanner for complex flow measurement in research contexts.  

The effectiveness of coil embolisation was extensively evaluated across six configurations 

(one to three coils and two different coil insertion angles), revealing that, in the case of the 
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geometry under investigation, triple coil packing with a straight insertion angle (T0) is the 

most efficient for achieving AVM occlusion. T0 exhibited the highest packing density of 

40.86% and achieved the lowest flow rate of 0.224 mmଷ/s, underscoring its ability to 

significantly reduce blood flow into the AVM. This configuration along with its 45° 

equivalent, was found to result in a flow rate reduction that suggests clinical success 

through the development and application of a clinically informed surgical metric of 

success, a finding that has been verified by clinicians from experience. 

Comparative analysis of the stochastically representative coil configurations further 

emphasised the superiority of straight insertions, which consistently outperformed the 

angled insertions. The 0° coil series achieved higher packing densities than the 45° series, 

even though coils inserted at greater angles relative to the vessel axis might be expected to 

exhibit increased curvature and packing due to vessel wall impact. As a result of the 

increased packing densities, the 0° series demonstrated lower AVM flow rates, greater 

pressure reductions and larger end-state clot volumes across all cases. While similar trends 

may be observed through clinical observation, CFD provides a significant advantage by 

enabling detailed patient-specific analysis of flow dynamics and coil performance, unlike 

general guidelines derived from aggregate observations. 

This study also investigated the embolisation outcomes under different haemodynamic 

conditions, including hypertensive and hypotensive states. It was found that hypertensive 

cases still achieved effective flow reduction, particularly in T0 and T45, but with an 

increased reliance on mechanical coil performance due to elevated shear rates that hindered 

clot formation. Conversely, hypotensive conditions promoted more extensive clotting due 

to reduced shear, compensating for lower overall flow obstruction by the coils. These 

contrasting mechanisms highlight the need for tailored treatment approaches based on 

patient-specific haemodynamic profiles, with hypertensive patients benefitting from robust 

coil placement and hypotensive cases capitalising on clot-favouring conditions. 

Ultimately, this study establishes a strong foundation for optimising AVM embolisation 

techniques by integrating detailed computational modelling with experimental verification. 

The insights gained underscore the role of such a pre-surgical planning tool, which may 

better inform clinicians of factors impacting coil placement and packing, the effects of 

patient-specific co-morbidities on the likelihood of success, and the potential for improving 

embolisation outcomes and surgical decision-making through enhanced understanding of 

flow dynamics and clot formation.  
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4.2 Contributions 

The significant contributions made by this work include:  

 The development, implementation and validation of porous media techniques for 

the modelling of coil and clot structures. These models are capable of being applied 

directly as cell-based fluid property algorithms in CFD solvers.  

 The evaluation of coil packing number, density,  angle of insertion and the resulting 

effect of the embolisation cases has evidenced that these factors are not trivial to 

predict and are not directly related, as for example, the surrounding vasculature 

plays a dominant role in the resulting coil packing density. This study provides a 

framework and tool set to assess these variables and how they interact with one 

another and the surrounding flow so as to optimise embolisation procedures. 

 This study reveals how clot formation complements mechanical flow obstruction, 

varying across haemodynamic conditions. This emphasises the importance of 

patient-specific factors in optimising embolisation techniques. 

 A clinical metric has been formulated and applied in order to directly link the 

results of the computational models with real-world clinical practice.  

 Successful alignment of CFD and 4D MRI data has confirmed the reliability of 

computational models for predicting embolisation success. This strengthens the 

role of CFD in preoperative planning and enhances the utility of tabletop MRI 

scanners employing 4D MRI in clinical diagnostics.  

4.3 Recommendations and Future Work 

The following recommendations are aimed at extending the application of these models, 

while improving the reliability and clinical significance of this work. The utility and 

accuracy of the methods may be improved by considering the following:  

1) Refinement  

While the current shear-based clotting model accurately predicts stable clot formation, 

future work should explore the incorporation of biochemical factors such as thrombin 

generation, transport mechanisms and platelet aggregation. Integrating these elements 

could provide a more comprehensive understanding of the clotting process especially with 

respect to the transient nature of clot formation under complex flow conditions, thereby 

improving predictive accuracy for embolisation outcomes and allowing the model to be 

extended further into the time domain and the inclusion of factors such as vessel wall 

elasticity and pulsatile blood flow. 
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2) Validation of non-uniform porosity model 

This study validated the uniform porosity model; however, this model was extended to a 

non-uniform model without subsequent experimentation and testing. The accuracy and 

validity of the non-uniform porosity model, while logically sound should be investigated. 

Future work should thus focus on comparing this model with other computational models 

of the coil within vascular flows such as volume subtraction methods or Fluid-Structure 

Interaction (FSI) methods as well as experimental sources and clinical data. 

3) Impact of haemodynamic variations on embolisation success 

Given the variation under hypertensive, normotensive, and hypotensive conditions, further 

research should extend this co-morbidity analysis in order to investigate how different 

patient-specific haemodynamic states influence embolisation success. This, in conjunction 

with point 1, could include the adaption of the model to fit several biochemical parameters 

and markers. Developing patient-tailored treatment protocols based on preoperative flow 

assessments could improve clinical outcomes, especially in complex AVM cases. 

4) Advanced imaging practice for improved validation 

Relating to the application of 4D MRI through the use of the tabletop scanner, future 

improvements could include increasing the scan resolution to enhance masking accuracy 

and near-wall measurements, although this may reduce the signal-to-noise ratio (SNR). To 

mitigate this, multi-scan averaging may be applied to improve accuracy and provide a 

clearer signal but would require longer scanning times. 

The measurements achieved with the tabletop scanner in this work, were obtained as part 

of a two-week pilot study at the University of Twente (UT) prior to the University of the 

Witwatersrand (Wits) acquiring a unit. Setup and encoding recommendations from this 

study for future work would also include increasing scan time to achieve increased voxel 

resolutions and to ensure that the flow vessel of interest is mounted in a fixed orientation 

within the MRI bore for improved post-processing and masking. 

5) Development of a clinical tool based on a reduced order model 

A Reduced Order Model (ROM) may be derived from the detailed CFD analysis conducted 

in this study. A ROM would simplify the complex haemodynamic calculations involved in 

AVM treatment, enabling quick, approximate predictions of flow reduction and clot 

formation with different coil configurations and insertion angles. Such a model, calibrated 

against data from this and/or future projects, could allow clinicians to input patient-specific 

parameters and simulate embolisation outcomes rapidly, aiding in personalised treatment 

planning. This approach could provide an efficient and accessible decision-support tool.  
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APPENDICES 

Appendix A 

Formlabs Form 3 Printer Specifications 

Table A1: Formlabs Form 3 Printer Specifications 

Component/Part/Specification Details 

Light Source Class 1 Laser, 450 nm wavelength, 
250 mW laser, 85 μm laser spot size 

Maximum Print Speed 31 mm/hour 
Surface Accuracy 87% {100 μm of CAD model} 

66% {50 μm of CAD model} 
Build Volume (W × D × H) 14.5 ×  14.5 ×  19.3 cm  
Build Area 210 cmଶ    
Maximum Part Length 22.4 cm  
XY Resolution 25 μm  
Layer Thickness 25 –  300 μm  
Internal Temperature  35 ℃  
Printer Dimensions (W × D × H) 40.5 ×  37.5 ×  53 cm  
Minimum Access Dimensions (W × D × H) 40.5 ×  53 ×  78 cm  
Printer Weight 17.5 kg  
Operating Environment 18 –  28 ℃  
Power Requirements 100 − 240 VAC, 2.5 A,   

50/60 Hz, 220 W  
Software PreForm, Dashboard, Fleet Control 
Resin Tank Estimated Lifetime 250 –  800 hour of printing and/or 10 −

35 weeks exposed to resin 
 

 

Figure A1: Formlabs Form 3 SLA Printer 
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Appendix B 

TA Instruments AR2000 Rheometer Specifications 

Table B1: TA Instruments AR2000 Rheometer Technical Specifications 

Component/Part/Specification Details 

Minimum Torque 0.1 μNm 
Maximum Torque 200 mNm 
Motor Inertia 15 μNmsଶ 
Angular Velocity Range 10ି଼  − 300 rad/s 
Frequency Range 1.2 × 10ି଻ − 100 Hz 
Displacement Resolution 0.04 μrad 
Air Bearing Porous Carbon 
Gap Resolution 0.06 μm 
Normal Force Range 0.01 − 50 N 
Peltier Plate Temperature Controls (TC) −20 to 200 ℃ 
Environmental Test Chamber TC −150 to 200 ℃ 
Concentric Cylinder-Peltier TC −10 to 150 ℃ 

 

 

Figure B1: TA Instruments AR2000 Rheometer 
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Appendix C 

Pure Devices tabletop Research MRI Specifications 

Table E1: Pure Devices tabletop Research MRI Unit Technical Specifications 

Component/Part/Specification Details 
Magnet Unit (magspec) 

Bore size 15 mm 
Field Strength 0.55 T 

Gradient Strength (built-in gradient 
amplifier) 

120 mT/m (x, y) 
125 mT/m (z) 

Gradient Strength (external DC-600 
gradient amplifier) 

480 mT/m (x, y) 
500 mT/m (z) 

Gradient efficiency 120 mT/m/A (x, y) 
125 mT/m/A (z) 

Sample diameter imaging 15 mm 
Field homogeneity (FOV) <  30 ppm 
Field homogeneity (5 mm) <  10 ppm 

Connection to the imaging unit RJ − 45 
Connection of the receiver/transmitter BNC 

Dimensions (L × W × H) 27 × 25 × 14 cm 
Weight 22.5 kg 

Control Unit (𝐝𝐫𝐢𝐯𝐞𝐥) 
PC connection  USB − B 2.0 

Connection of the imaging unit RJ − 45 
Connection of the receiver/transmitter SMB 

Power supply 12 V DC, 2 A 
Power supply unit (external) 100 − 240 V AC, 50/60 Hz, 2 A 

Dimensions (L × W × H) 27 ×  9.5 ×  14 cm 
Weight 2.3 kg 

openMATLAB interface 
Product licence Can only be used with drive୪ 

System Requirements 
MATLAB MATLAB 2016a or later 

Operating system Windows 10 or 11 (64-bit) 
 

 

Figure E1: Pure Devices tabletop MRI Research Unit and 𝑑𝑟𝑖𝑣𝑒௟ control unit 


