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ABSTRACT

Deep Vein Thrombosis (DVT) is the formation of a blood clot in a vein, usually in the body’s lower
extremities. If untreated, DVT can lead to pulmonary embolism (PE), heart attack and/or stroke, which
can be fatal. According to literature, DVT affects 0.2% of people in developed countries and about
0.3%-1% in developing countries. In the past, various computational models of DVT were developed.
Most models account for either the mechanical factors or biochemical factors involved with DVT.
Developing a model that accounts for both factors will improve our understanding of the coagulation
process. This study developed a three-dimensional DVT computational model in idealized and realistic
common femoral vein (CFV) geometries. The model considers the biochemical reactions between
thrombin and fibrinogen, pulsatile blood flow, and clot growth within the vessel. The model was

validated using a simplified experimental setup with flow, thrombin, and fibrinogen.

Computational fluid dynamics (CFD) simulations were carried out using the ANSYS modelling suite.
The Navier-Stokes equations were solved to determine the fluid flow. Based on a clinical dataset of
pulsatile blood flow, the laminar flow of blood with a Poiseuille velocity profile was applied at the inlet.
Darcy’s law was used to account for porosity changes in the clot, with the clot represented by zones
with lower porosities. The transport equations were used for changes in the concentration of the
biochemical protein species. Thrombin was released into the bloodstream from an injury zone on the
wall of the vein. The Michaelis-Menten equation was used to represent the conversion of thrombin and
fibrinogen to fibrin, the final product of the coagulation process. The computational model solves the
blood flow pattern proximally, locally, and distally to clot formation at the injury zone. The model also

predicts the size of the clot and the rate of clot growth.

The model was first developed in a two-dimensional geometry. This model was used to investigate clot
formation under different cases comparing how introducing thrombin as a flux value differs from
specifying it as a fixed concentration. It was confirmed that to apply the flux condition, the thrombin
concentration needs to be divided by a factor derived by multiplying the area of the injury zone and the
time step size. The same model was then used to conduct a parametric study to determine the effects of
varying parameters such as inlet velocity, vein diameter, and peak thrombin concentration on the size
and shape of clot formed. Peak thrombin concentration was the key factor driving the initiation and

propagation of clot in the vein.

The model was then extended to an idealized three-dimensional geometry. This computational model
was validated using results from an experimental clot growth study. The experiment comprised a steady
flow of fibrinogen in a cylindrical pipe, with an injection of thrombin into the flow at the injury site,
resulting in fibrin formation. A qualitative comparison was then made between the experimental clot
and the clot formed in silico. Although quantitative measurements were not made, there were

similarities in the shapes and sizes of the clots. The validated computational model was used to compare



clot formation under steady and pulsatile flow conditions. Realistic clot growth was observed and
compared to the steady flow condition. It was found that a larger clot formed under pulsatile conditions.
Clot formation with the presence of valve activity was also investigated. The effect of opening and
closing of the valves was achieved by varying the blood flow diameter at the inlet instead of modelling
the valves as solid walls and accounting for the leaflet movement by solving the governing equations

for the fluid-solid interaction (FSI), as used in existing models.

The model was then applied to a patient-specific geometry. Realistic clot growth was achieved using
this model, and the clot was compared to a clot formed in vivo, as depicted in the original imaging scan.
The model helps us better understand the clot growth process in the femoral vein on a patient-specific
level. It also shows that the presence of venous valves increases the size of clot formed compared to
steady flow. However, the high strain rate present makes the clot formed smaller than in standard
pulsatile flow cases.
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1. INTRODUCTION

This chapter gives a brief introduction to the research performed in this work by providing background
on deep vein thrombosis and thromboembolism and how they affect South Africa’s social and economic
wellbeing. The application of computational fluid dynamics for clinical imaging is also discussed.
Finally, the chapter summarises the research’s objectives, scope and plan of development of the thesis.

1.1. Background
Deep vein thrombosis (DVT) is the formation of blood clots within the deep veins, and usually
occurs in the veins of the leg, but can sometimes occur in the arms and in the mesenteric or cerebral
veins [1]. Deep vein thrombosis is a common medical problem. Vessel endothelium injury exposes the
subendothelial layer, promoting blood clot formation and reducing the venous blood flow. In severe
cases, the blood clot, known as a thrombus, can break loose from the deep vein and travel through the
bloodstream. The dislodged clot, or embolus, can get trapped in the smaller vessels leading to

thromboembolic disease such as pulmonary embolism (PE). PE is a major concern and can be fatal [2].

Globally, about 10 million DVT cases occur yearly, thereby making venous thromboembolism the third
most common vascular disease after acute myocardial infarction and stroke [3]. Over 200,000 people
suffer from DVT in South Africa each year. Due to most DVT’s mysterious nature, the actual incidence
is unknown, and about 60% of DVT cases lead to embolism. The incidence of venous thromboembolism
increases with age for both genders. The incidence rate increases exponentially to about 1 in 100 for
people older than 80 years. From 45 years onwards, the risk of developing DVT is 8% [4]. The risk
does not differ significantly by sex, although it is prevalent in women particularly in cases of pregnancy
and OCP [3]. Compared to people of European descent, the incidence is higher amongst people of
African descent and lower amongst people of Asian descent. The cause of this is yet to be discovered
[5]. About 20% of the time, patients die from PE before diagnosis or shortly after the incident,
especially if the embolism is related to haemodynamic instability. In the long term, 30% of all patients

with venous thromboembolism (VTE) have a recurrence within ten years [3].

The Department of Statistics South Africa (Stats SA) found that thromboembolic disease is responsible
for 20,000 deaths every year in South Africa [6]. Little research has been done to quantify the economic
impact of DVT on South Africa, but it is predicted to be enormous as shown in a review conducted in
high-income countries illustrating the economic impact on the healthcare system. Cushman et al.
focused on determining DVT incidence in two groups of people in the United States [7]. It was found
that the incidence of first-time DVT was 1.92 per 1000 persons per year. Dealing with VTE costs the
United States about 7 to 10 billion dollars, majorly spent on the initial diagnosis and treatment of VTE

treatment and managing recurrent hospitalization [8].



It is vital to develop improved methods to effectively diagnose and treat DVT patients if the cost, both
socially and financially, can be mitigated. In the case of early diagnosed DVT, developing methods that
predict embolism occurrence will also be vital. Clot formation during DVT is based on the flow and
biochemical properties of blood in the vein. With the introduction of computational fluid dynamics
(CFD) into biological and haemodynamic studies, these properties can be simulated to create models.
These models have a high potential for improving the information available to clinicians when they are
applied to a patient-specific case. Drug testing is another potential avenue for CFD model development,

where anticoagulants could be tested on the models to estimate their effect on different patients [9].

Attempts to model DVT using CFD have met a level of success. Many of these models made significant
assumptions to either simplify the model or reduce the computational expense to achieve this. One of
the major assumptions made is that blood flow in the vein is steady as a simplification of the pulsatile
flow. Although this assumption has been proven to be acceptable to a degree regarding the clotting
outcomes, there is a need to investigate further how this assumption affects the initiation and
propagation of clot growth under flow. Another assumption made in previous models is that the
complex coagulation process can be accounted for solely by the thrombin concentration. In this case, a
clot is said to form when thrombin concentration exceeds a threshold value. There has been no research
addressing the effect of this assumption on the clotting process in DVT.

Most of the in silico DVT models are flow-based. They usually predict clot formation from stagnation
or vortices in the flow. Stagnation might result from the vein’s complex geometry or the presence of a
valve in that area. Few models have predicted clot formation considering the biochemical reactions
under complex flow, and none of the models has taken the effect of the venous valves on flow into
account. To fully understand the clotting process and justify these assumptions, there is a need to

consider these features in a single model and compare the clot formed to existing models.

1.2. Objectives

The main objective of this research is to develop a computational fluid dynamics model of DVT that
can be applied to a patient-specific geometry. For the development of the model, the patient-specific
geometry, velocity, pressure, and biochemical data are derived from literature. Data derived using
clinically accessible techniques are considered to make the model accessible to clinicians. The complex
coagulation process is simplified and represented by the reaction between thrombin and fibrinogen,
resulting in fibrin production. The clot formed will be simulated as porous media. The model should
produce relevant and understandable results that are capable of providing clinicians with an insight into
the clot formation process in this pathology. The model will produce the size and shape of the clot
formed under different physical and biochemical conditions. The developed model is then to be used to

carry out the following studies:



e Investigation of the clot formation process differences when thrombin is introduced into the
flow as a flux value versus a fixed concentration.

e A parametric study of the blood velocity, peak thrombin concentration and vein geometry to
understand which parameter has the most significant effect on clot size and the effects of
changing these parameters on the initiation and propagation of clot.

e Comparison of the clot formation, under steady and pulsatile flow conditions, in an idealized
3-dimensional geometry, which also examines the effect of valve activity on blood flow.

e Comparison of clot formation between idealised and patient-specific geometries

o Validation of computational results with the outcomes of an experimental clot growth study.

1.3.  Scope of Research
This work’s overall scope is to develop a CFD model that simulates clot formation applying a simplified
coagulation cascade. The code simulating the boundary conditions could be re-written into any chosen
programming language, and the numerical simulations can be performed on any commercial CFD

software package that can solve for laminar flow and species transport and reaction.

Simpleware ScanlP (Synopsys, California, United States) was used for image segmentation [10]. Plot
Digitizer and Python 3.8.5 were used for data processing, ANSYS Meshing (19.2 Academic License)
for finite volume meshing, numerical simulation and post-processing. Also, the extraction and
compilation of the data used by the numerical solver (ANSYS Fluent) are not automated in this project.

These processes required manual input for each case.

The data used in this project are derived from literature. The project acknowledges that there are
different methods used in literature by which the data could be obtained. However, the model was
designed to take its velocity data from echocardiography and Computed tomography (CT) scans. The
thrombin data is derived from thrombogram measurements, and other constants used are from
experimental procedures found in literature. The patient-specific geometries were derived from
Radiopedia.org (Radiopaedia Australia Pty Ltd)[11]. The modalities considered were CT scans and

magnetic resonance imaging (MRI).

A grid independence study was carried out to obtain adequate refinement of the mesh. However, the
analysis of different meshing techniques was out of the scope of the project. A parametric study was
carried out varying the velocity, geometry, and biochemical concentrations. The parametric study
considers how these parameters affect the initiation and propagation of the clot. The porosity and
permeability of the clotted region are derived from literature. Other parameters that might affect clot

formation were not considered in this parametric study.

Before applying on a patient-specific geometry, the model was developed and tested on an idealised

geometry, assuming that the wall of the vessels is rigid, and flow is Newtonian. This work acknowledges



various numerical schemes and solvers, but this project was constrained to those offered by ANSYS
Fluent.

The model was used to compare the size and shape of the clot formed under varying flow and
biochemical conditions. The initiation time and propagation period of the clot were also investigated.
Other properties of the clot were not considered in this project. The coagulation process included two
reactions between three biochemical species (thrombin, fibrin and fibrinogen). While coagulation is a
much more complex process, these are the essential proteins that result in fibrin mesh formation. In
literature, venous valves are modelled as physical structures using fluid-structure interaction (FSI).
However, in this project, the valve activity was modelled by simulating the valve’s effect on the flow
at the inlet. Finally, the results that are obtained are validated with an experimental clot growth study.

1.4. Plan of Development
The report begins by giving a background on DVT, its pathophysiology and the available treatment
techniques. It then describes the coagulation process and the different approaches to its modelling, in
literature. The implementation of CFD numerical modelling in haemodynamic studies is then discussed
and CFD models of both the coagulation process and DVT are presented. The review of these models
is presented and informs the model development methodology. The report then describes the
fundamental theoretical principles that are needed for numerical modelling and simulations. The report
also describes the experimental methodology taken to run these simulations and the clot growth study.

The model is then used to study the flux vs fixed concentration relationship and the results are presented.
The procedures and results of the parametric study are then described. The results are discussed in light
of other findings in the literature. The report then describes the need for advancement in the complexity
of the model. The features added to the model are discussed and the clot formation process is
investigated. The model is then applied to a patient-specific geometry and the results are presented. The
material needed and procedures for the experimental clot growth study are described and the result of
the experiment is compared to the computational results. Finally, the conclusion of the study are

presented and recommendations for future works are proposed.



2. LITERATURE REVIEW

This chapter gives an overview of the background of deep vein thrombosis, its pathophysiology and the
treatment techniques available. It also discusses the need for computational modelling of deep vein
thrombosis. The chapter then investigates coagulation and deep vein thrombosis experimental and
computational models developed in literature to inform the model development methodology.

2.1. Deep Vein Thrombosis

2.1.1. Overview
DVT must not be confused with the natural clotting process known as haemostasis, or superficial
thrombophlebitis which affects the superficial veins. The distinction is essential, as a thrombus in the
superficial veins does not carry the risk of embolism. An exception to this is when the vein segment
affected is close to a junction with a deep vein. These cases are treated in the same way as deep vein

thrombosis because of the risk of extension into the deep system [12].

2.1.2. Vein of the Legs
Veins are essential parts of the human body. Buescher et al. explained that the veins in the legs could
be considered as long thin collapsible tubes containing a series of one-way bicuspid valves [13]. The
vein's primary function is to return deoxygenated blood to the heart. There are two major types of veins:
the superficial and deep veins shown in Figure 2.1. The superficial veins are just under the layer of the
skin and are visible (green colour) while the deep veins are deep inside the muscle tissue. Perforating
veins connect the superficial veins to the deep veins. The deep veins of the legs are well covered and
supported by the muscle tissues around them. These veins produce between 90 and 95% of the blood
outflow from the leg [14] [15].

The flow in the deep veins occurs with the help of the vein valves and the leg muscles. The muscles
compress the vein and help the blood flow against gravity and the valves restrict the flow in the opposite
direction. During the muscle’s contraction, the pressure in the veins increases forcing blood flow against
gravity. When the muscles relax, the blood tends to flow backwards, so the valves come closer and form
a seal. The venous valves eliminate the retrograde flow of blood; hence they are unidirectional valves
[15]. There are two types of valves namely parietal and ostial valves. Parietal valves are the most
common in the human body. Parietal valves are also known as pocket valves and contain cusps, the
valvular agger, cornua and sinus. Ostial valves are found in the intersections where small veins

transform into a large vein [16].
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Figure 2.1: Veins of the legs [17].

The superficial femoral and popliteal veins in the thighs and the peroneal and tibial veins in the calves
are commonly affected by DVT. Calf vein DVT possesses less risk of forming large emboli but can
grow to the proximal thigh vein and cause PE [15]. The earliest formation of valves in the vein was
seen in embryos at about 3.5 months. Parimi claimed that over 80% of the total body’s vein valves are
non-existent in a 70 years old adult[15]. The reduction can be due to thromboses of the vascular sinus
which occurs frequently. Valves furthermore do not just disappear, but rather become impotent as the

age increases due to over dilation of the venous wall.

2.1.3. Risk Factors of DVT
Almost half of the venous thromboembolism cases recorded in the past decade’s research do not have
identifiable environmental factors and are classified as unprovoked. The rest of the cases are provoked

by transient or persistent factors that increase the risk of venous thromboembolism [3], [18]-[20].

In South Africa, the most common risk factors are HIV and tuberculosis, accounting for 51.85% and
35.80%, respectively. Other risk factors observed were smoking (25.93%), recent hospitalisation
(34.57%), previous DVT (19.75%) and congestive cardiac failure (18.52%) [8]. Thrombophilia had a

low percentage of occurrence in the study therefore an explanation was not established [21].

There is an association between multiple long-distance air flights and DVT. A study was carried out in
New Zealand on 1000 subjects who travelled for at least 10 hours with a mean total duration of 39
hours. It was discovered that 1.4% of the subjects had DVT using radiological assessment [22]. A case-
control study found that a significant proportion of the population undertaking long-haul flights tends

to be younger and fitter than the general population, reducing the risk [23].



Hospital patients are recognized to be at risk of developing DVT. It is well established that patients
undergoing surgery are at higher risk [23]. The thrombotic risk level depends on the type of surgery and
the presence of additional risk factors. Orthopaedic surgeries, major vascular surgeries and
neurosurgeries carry high risk (up to 25%). The likelihood of postoperative thrombosis is increased by
factors such as advanced age, obesity, previous thrombosis, cancer and comorbid medical disorders [2]
[24].

Thrombophilia is generally inherited and is detected in about 50% of patients diagnosed with
spontaneous thrombosis. It involves distinct abnormalities in the coagulation system. DVT risk can
increase when a patient is exposed to temporal risk factors such as surgeries, trauma and pregnancy.
Pregnancy, in general, also increases the risk of DVT. This risk is due to a combination of immobility,
hormonal effects and the compression of the Inferior Vena Cava (IVC) and iliac veins. The increased
risk is noticeable in the first trimester and has a value of approximately 0.13%. Hormonal causes of
DVT are also present in individuals who utilise oestrogen-containing Oral Contraceptive Pills (OCP),
which have been seen to double the DVT risk. This risk tends to be attenuated since OCP consumers
are young and fit but critical to consider when coupled with other risk factors [23] [25].

2.1.4. Detection and Diagnosis of DVT
The ability to detect DVT is essential, especially in cases that might lead to PE. Oedema is the
accumulation of fluid in intercellular tissue resulting from an abnormal expansion in fluid volume. Limb
oedema is the swelling of the lower legs or hands. To detect DVT, a physical examination is performed
on the limb to check if the limb oedema is unilateral or bilateral, if the skin of the affected area is red
or hot, and if the veins are dilated. The tenderness of the area and the presence of pain in the area is
examined as well [1]. Clinical diagnosis of DVT is unreliable, and therefore, clinical probability scores
have been developed to increase the effectiveness of diagnosis [23]. Wells et al. developed the most
widely used model for clinical probability prediction for DVT. The predictive features and their scores

are indicated in
Table 1. The Wells' score is widely used for its high sensitivity (77-98%) [26].

If a patient is suspected of having DVT, more advanced diagnostic techniques are applied. Two primary

diagnostic techniques can detect DVT and PE, namely an invasive and non-invasive technique. The
invasive technique involves making an incision to access the affected region. This technique might be
painful and sometimes affects previously unaffected areas. The non-invasive technique involves
accessing the affected area only without affecting other parts [15]. The application of non-invasive
techniques has improved the process of detecting DVT in patients as they are rapid and cost-effective
[2], [27], [28].



Table 1: Clinical model developed by Wells et al., for predicting pre-test probability for DVT. The corresponding scores are
added when the features are present [27].

Clinical Feature Score

Active cancer (treatment ongoing or within previous 6 months or palliative)

Paralysis, paresis, or recent plaster immobilisation of the lower extremities

Recently bedridden for more than 3 days or major surgery, within 4 weeks

Localised tenderness along with the distribution of the deep venous system

Entire leg swollen

R R

Calf swelling by more than 3 cm when compared with the asymptomatic leg (measured 10

cm below tibial tuberosity)

Pitting oedema (more significant in the symptomatic leg) 1

Collateral superficial veins (non-varicose) 1

Alternative diagnosis as likely or greater than that of deep-vein thrombosis -2

Clinical probability simplified score
DVT likely
DVT unlikely

v
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Venography is an invasive technique whereby venous contrast (dye) is injected into the vein on the
foot’s dorsum. The main reason for introducing the dye into the vein is to make that vein visible under
X-ray. The DVT appears in high resolution as a filling defect. Other methods have been superseded due

to the risk of contrast reaction and its invasive nature [23].

Duplex ultrasound involves a combination of B-mode imaging and pulsar Doppler to provide
information on blood velocity. B-mode ultrasound imaging is the centrepiece of DVT investigation
and is widely available, relatively inexpensive and non-invasive. Ultrasonography uses ultrasonic
waves to produce an image of the underlying structures [12]. Areas of "no flow" due to thrombus show
up as black ("hypo-echoic") against the colour flow. The technique has high sensitivity and specificity
(90 and 94% respectively) for the detection of proximal symptomatic DVT [23], [29]-[32].

D-Dimer tests are increasingly being used to diagnose patients suspected of DVT. D-Dimers
are fibrin degradation products that are produced during the immediate fibrinolytic response to thrombin
formation. In this test, the plasma levels rise if thrombin is present. However, this test has limitations,
as plasma levels are also raised during pregnancy, infections or malignancy. Due to its high sensitivity,

the D-Dimer test is more effective for low-risk patients than other tests [23], [33].

Magnetic resonance imaging (MRI) is increasingly being applied to investigate DVT, mainly during

pregnancy. It is a non-invasive and effective confirmatory test. It has a sensitivity and specificity for



DVT of 91.5% and 94.8%, respectively. The main challenge is that it is expensive, and availability is
limited. Computed tomography (CT) is useful for diagnosing central venous occlusion and peripheral
venous thrombosis. Indirect CT, with a single slice, was first proposed by Loud et al. [34]. CT
venography has shown a sensitivity of 97% and a specificity of 100% for DVT. Both techniques may
occasionally be used to detect isolated iliac vein thrombosis that may be missed on the ultrasound scans
[23], [34]-[37].

Venous Occlusion Plethysmography is a non-invasive technique that is widely used to detect DVT. The
venous outflow rate is compared with the maximum calf volume change, to determine the presence of
major venous outflow obstruction [2]. A probe containing an infrared light-emitting diode and a sensor
is placed on the calf above the knee. The infrared becomes attenuated by blood, and the pulse can be
recorded. The intensity of light reflected predicts the amount of blood in that area at the time. There is
little consensus about the best diagnostic strategy for DVT in published work. An untreated thrombus
can be fatal, and administering anticoagulant in the absence of a thrombus is irresponsible[2], [38], [39].
Kyrle and Eichinger proposed a systematic step by step diagnostic procedure for DVT illustrated in
Figure 2.2. It indicates situations where the patient needs to be treated for DVT and when DVT should

be excluded, using non-invasive, rapid and cost-effective diagnosis techniques [2], [18].

Pretest
Probability

Moderate to
highe

Repeat CUS on
day 8

Negative

‘ Positive | ‘ Negative | ‘ Positive

‘ Treat | Exclude DVT | ‘ Treat | Exclude DVT

Figure 2.2: Diagnostic procedure for DVT developed by Kyrle and Eichinger.



2.1.5. Treatment
DVT therapy aims to prevent the growth of the thrombus, acute PE, thrombosis recurrence, and post-
thrombotic syndromes development. The treatment of isolated calf vein DVT is variable, and there is
no clear evidence to guide treatment. Some medical centres do not treat the condition, while others carry
out a series of scans to detect thrombus progression. Some clinicians administer aspirin, while others
make use of different anticoagulant drugs [12]. What is certain is that about 8.6% of superficial

thrombophlebitis cases may extend into the femoral vein, increasing PE risk [40].

Above-knee DVT is treated with anticoagulant medication, due to the risk of potential PE [12].
Anticoagulants are widely accepted as the standard therapy before the widespread use of current
diagnostic modalities. Anticoagulants inhibit the clotting cascade and shift the imbalance, allowing
fibrinolysis to occur [12].

Initially, the treatment usually involves administering a therapeutic dose of unfractionated heparin
(UFH), low-molecular-weight heparins (LMWH) or fondaparinux [41]. UFH and LMWH are effective
pharmacological agents for the prevention and treatment of DVT. Studies have shown that the incidence
of DVT or PE has been significantly reduced by the administration of a low dose of UFH. Kesieme et
al. explained that the efficacy of treatment using heparin is dependent on the ability to achieve a critical
therapeutic ratio within the first 24 hours of treatment. The advantages LMWH has over UFH make it
preferable for treating acute DVT. However, UFH is preferred in patients with severe renal failure as
LMWH is usually excreted from the kidney [41].

Warfarin is the primary drug of choice for long-term treatment once acute anticoagulation is achieved.
LMWH is preferred in pregnancy and patients with cancer for long-term treatment as warfarin is
contraindicated. Also, using LMWH is more effective in these cases as it prevents recurrent venous

thrombosis without statistically significant bleeding risk [41].

Overlapping heparin with warfarin is essential because factors I, 1X, X will not be affected until five
days after the start of treatment, keeping the intrinsic clotting pathway intact. Heparin is initially given
with warfarin and stopped after 4-5 days. At this time, the international normalized ratio (INR) should
be within the therapeutic range (2.0 to 3.0). The treatment duration for uncomplicated first-episode
lower limb DVT is three months, which may extend to 6 months depending on the presence of ongoing
risk factors [12].

In the case whereby the patient is unable to be safely anticoagulated such as recent major head trauma,
a device known as an inferior vena cava (I\VVC) filter may be deployed [12]. IVC filter is a basket-like
device deployed into the IVC, using an endovascular approach, thus preventing any thrombo-emboli
from flowing to the lung. This method does not prevent emboli from other parts of the body, like the

upper limbs, from reaching the lung [12]. The filter’s effectiveness has been studied and it was revealed
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that significantly fewer patients suffer PE in the short term. The rate of recurrent DVT increased in the
longer term. Complications of I1\VVC filters include haematoma over the insertion site, filter migration,
DVT at the insertion site, filter embolization, filter erosion through the IVC, and, IVVC obstruction [41],
[42].

Thrombotic therapy involves intravenous catheter-directed administration of a thrombolytic agent to
breakdown clots in the vein. The thrombolytic agents available include tissue plasminogen activator,
urokinase, and streptokinase. The risk of significant bleeding involved with this procedure should be

weighed against the benefits of complete and rapid lysis of thrombi [41].

In cases where there is a bleeding risk, physical preventive methods that focus on encouraging the blood
flow, instead of altering the biochemistry, are applied. Physical methods such as the use of a graduated
compression stocking (GCS), intermittent pneumatic compression (IPC), and electrical muscular
stimulation are used to prevent the onset of DVT and PE in patients [43], [44].

2.2. Coagulation and Deep Vein Thrombosis

2.2.1. Overview
Initially, it was thought that when blood is exposed to air, coagulation begins. In the mid-19th century,
it was proposed that the ability of blood to clot was a function of a specific component of blood. The
coagulation models developed in the 20th century described the stages of coagulation where fibrinogen
is converted to fibrin by thrombin. Over the decades, the plasma component of coagulation was sorted
into specific proenzymes that could be converted into enzymes [45]. It is vital to develop a clear

understanding of the clotting process, as clot’s mechanics influences clot behaviour and formation.

2.2.2. Platelets
The platelet is an irregularly shaped, non-nucleated blood fragment. It usually has a diameter of about
2 to 4 microns. There are approximately 250000 platelets per mm? of healthy blood, comprising less
than 1% of the total blood volume. Platelet’s primary function is to aid haemostasis (stopping bleeding)
by forming a thrombus or clot [46]. Platelets exist in the activated and inactivated state. When a platelet
activates, its shape changes from a variable disk shape to a star-like shape. It also releases chemicals

such as adenosine diphosphate and thromboxane A2, contributing to clot formation [46].

2.2.3. Normal Blood Flow in the Deep Veins of the Leg
Blood consists of white blood cells (leucocytes), red blood cells (erythrocytes), and platelets
(thrombocytes) suspended in plasma. The plasma is an aqueous solution of 96% water and 4% protein.
Red blood cells make up more than 99% of the total cells and 40-45 % of the blood (plasma plus cells)
[47]. At this haematocrit, blood has a viscosity of 4 x 1073 kg/ms and a density of 1050 kg/m3
[48]. The diffusivities of thrombin and fibrinogen were found to be 7.0 x 10°8 kg/ms and
2.1 x 108 kg/ms , respectively [49].
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Normal blood flow in the veins is laminar with a higher velocity at the vein’s centre than at the walls

due to friction. This usually leads to a parabolic velocity profile of Hagen—Poiseuille flow. Table 2

below shows the blood flow properties measured as used in literature.

Table 2: Blood flow properties used in Literature.

Properties Value Reference

Mean Peak Blood Flow Velocity (cm/s) | 12+ 0.6 Abraham et al. 1994 [50]
13.87 Fronek et al. 2001 [51]
13+5 Moneta et al. 1988 [52]
9.8+34 Coffman et al. 1975 [53]

Femoral Venous diameter (mm) 54+0.9 Abraham et al. 1994 [50]
11.84 Fronek et al. 2001 [51]
11.2 Lattimer et al. 2014 [54]

11.1+2.8 (max)
8.3+2.2 (rest)

Jeanneret et al. 1999 [55]

9.0+16 Moneta et al. 1988 [52]
9.76 £ 2.21 Hayakawa et al. 2019 [56]
Mean Blood Pressure (mmHg) 82+6 Coffman et al. 1975 [53]
80-90 Eberhardt et al. 2014 [57]
CFV Blood pressure 21.4+7.3 Kurstjens et al. 2016 [58]
Fronek et al. 2001 [51]
CFV Reynolds number 450 - 700 Caro et al. 2012 [59]

Blood was originally considered to be a Newtonian fluid [60]. It was then discovered that blood changes

viscosity depending on the amount of stress that is applied. This viscoelastic property makes blood a

non-Newtonian fluid. However, at high shear rates (> 100 s*), red blood cells cannot aggregate,

rendering the viscosity constant. It was later discovered that the viscosity of blood could be assumed to

be constant in larger vessels (> 1 mm radius), but the viscosity decreases significantly when the radius

drops below that value [60]-[62].

Some researchers concluded that considering blood as a non-Newtonian fluid for larger vessels such as

the femoral vein is crucial [63], [64], while others believe it is an unimportant assumption [65], [66].
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2.2.4. Coagulation Cascade
The cascade model consists of a sequence of steps where proenzymes generate. Most of the steps happen
on phospholipid membrane surfaces, platelets, and endothelium. The split of fibrinogen by thrombin is

the most notable exception to the membrane requirement [45].

2.2.4.1. Early Models of Blood Coagulation
In the 1960s, two biochemists proposed a coagulation model that comprised a series of steps
detailing how each clotting factor’s activation led to another’s activation, which eventually
led to a burst of thrombin generation. Each factor in this model is a proenzyme and could
be converted into an active enzyme. The model was divided into extrinsic, intrinsic, and common
pathways. The extrinsic system localizes outside the blood and consists of tissue Factor (TF) and FVlla,
while the intrinsic system is localised within the blood. By contrast, the factors in the intrinsic system
were all thought to be intervascular. Both the intrinsic and extrinsic pathways could activate factor X,
which eventually converts prothrombin to thrombin. In this model, the components of the extrinsic
pathway are reflected in the prothrombin time (PT), while those of the intrinsic pathways are reflected
in the activated partial thromboplastin times (aPTT) [45], [67]. The modern coagulation cascade

consists of three phases:

e Initiation phase
e Amplification phase

e Propagation phase

2.2.4.2. Initiation Phase
A significant amount of evidence, to date, has indicated that TF initiates coagulation in vivo. The
initiation step is localized to the cells that express TF. These cells are generally found outside the
blood, thus preventing the coagulation initiation under normal flow circumstances. Circulating cells
such as monocytes or tumour cells may also express TF on their membrane surface, but this TF is
assumed to be inactive or encrypted. Some researchers believe that the inactivity of circulating TF is a
result of the additional bond that must be broken for activity, while others argue it is due to the

membrane surface not being a PS-containing pro-coagulant membrane [45], [67], [68].

Once blood flow is exposed to a TF bearing cell due to injury, the initiation phase begins. FV1la rapidly
binds to TF. This also activates more FVII, which in turn activates small amounts of FIX and FX. FXa
associates with its cofactor, FVa, to form prothrombinase complexes on the TF bearing cell’s surface.
FV can be activated by FXa, although the process occurs slowly. Any FXa that dissociates from the TF-
bearing cell is inactivated rapidly by either TFPI or ATIII. Thus, the presence of inhibitors effectively
restricts the generated FXa to the TF-bearing cell surface on which it was generated. FIVa is not
inhibited by TFPI and it is inhibited relatively slowly by ATIII, hence it can move from the TF-bearing
cell to a nearby platelet or another cell surface [45], [67], [69].
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The low-level activity of the TF pathways occurs within the extravascular space. The coagulation
proteins leave the vasculature, diffuse through the tissues, and are found in the lymph. This results in
the binding of FVII to extravascular TF, even when there is no injury. This ongoing process does not
lead to clot formation under normal circumstances because large components of the coagulation process
such as platelets and von Willebrand factors (VWF) are confined to the vascular space. Clot formation
begins in the amplification phase when these components can spill out into the extravascular tissues

and bind with the TF-bearing cells at the injury site [67].

2.2.4.3. Amplification Phase

Amplification allows for subsequent large-scale thrombin generation in the propagation phase. A small
amount of thrombin is generated on the surface of the TF-bearing cell in the initiation phase. This
thrombin has several vital functions. The primary function is to activate platelets leaked from the
vasculature at the injury site. The thrombin’s binding process to platelets changes the platelet’s surface
properties, resulting in shape change. During activation, the platelets release FV in their partially
activated form to its surface [67]. Another function of thrombin is the activation of cofactors V and VI
on the activated platelet’s surface. In addition to this, thrombin cleaves FXI to FXla [45]. In the process,
the FVIII (VWF) complex is dissociated, which allows vVWF to mediate platelet adhesion and
aggregation. The released FVIII is then activated by thrombin to FVIlla [45], [67], [70].

2.2.4.4. Propagation Phase
The propagation phase occurs on the surface of the activated platelets. Once a few platelets have been
activated, the release of granule content triggers the recruitment of more platelets at the injury site.
Firstly, FIXa activated during the initiation phase binds to FVIlla on the platelet surface. Then,
additional FIXa can be supplied by the platelet bound FXIla. Since FXa cannot effectively move from
the TF-bearing cell to the activated platelet, factor 1Xa/VIlla complex provides FXa directly on the
platelet surface. The FXa rapidly reacts with F\VVa bound to the platelet during the amplification phase.
The completion of the prothrombinase assembly results in a burst of thrombin generation leading to

cleavage of magnitude substantial amount of clot fibrinogen[45], [67].

The propagation phase of coagulation can only occur effectively on platelet cells. The platelet surface
is specialized to coordinate the assembly of the tenase (FVIlla/IXa) and prothrombinase (FVa/Xa)
complexes. The role of FXla is to enhance the amount of platelets-surface FIXa. This augments the

supply of platelet surface FXa and thereby controls the amount and rate of thrombin released [45], [67].

2.2.5. Pathology of Deep Vein Thrombosis
Virchow's triad, shown in Figure 2.3, was developed by Rudolph Virchow in 1858 and clarified the
clotting system of the human body. Virchow proposed that three main factors contribute to the

development of a thrombus. These included blood flow stasis, endothelial injury, and
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hypercoagulability. Hypercoagulability occurs when the blood tends to clot more than it is usually
expected to [15].

Hypercoagulability of blood
Cancer, thrombaophilia,
inflammatory disease...

Virchow's triad
of thrombosis
Vesselwall injury
Surgery, chemical Immobility, varicose

irritation, veins, venous
inflammation... obstruction...

Stasis of blood

Figure 2.3: Virchow's Triad [71]

According to Virchow, there should be at least two factors in the triad present for a clot to develop. The
triad has laid a path to help clinicians develop methods of reducing blood clotting [71]. Endothelial cells
typically produce plasminogen activator inhibitor-1 and plasminogen activator. These factors need to
be balanced with prostacyclin, nitric oxide and cell surface glycosaminoglycans to prevent DVT.
Trauma to the endothelial wall exposes the membrane of the vein and upset the balance causing platelet
activation. Trauma and surgery cause the tissue factor (TF) release from extravascular tissue and the
adventitia [23]. Immobility leads to reduced or stagnant flow within the vein. This, coupled with other

risk factors, may lead to thrombus formation in the vein valve [23].

2.3.  Implementation of CFD in Deep Vein Thrombosis

2.3.1. Overview
To fully model thrombus formation in a vein, the blood flow dynamics and the blood clot formation are
considered. Modelling flow dynamics mainly involves applying various mathematical techniques to
solve the governing equation (GE). The modelling of blood clot formation is a more complex process.
Therefore, the various protein reactions and polymerizations and their effects on different time and

length scales. This makes it difficult to model this process using one method [72].

2.3.2. Haemostasis Models
Using the above-mentioned methods, the models of the processes involved in thrombosis can be
integrated to simulate the development of a thrombus in time and space. These are mainly biological
and biochemical models, including coagulation reactions, platelet activation, platelet adhesion and
blood flow [73].
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2.3.2.1. Coagulation Pathway Models
In the coagulation cascade steps; protease generation depends on the enzymes’ actions on a precursor
molecule (zymogen). Based on biochemical research, the components and pathways describing their
interaction are mostly known, but it is also essential to develop computational models to understand the
relationships between the elements quantitatively [73].

Lo et al. developed the first comprehensive system using ordinary differential equations (ODE) models
to describe the TF pathways, assuming a uniformly-mixed and static blood environment [74]. The
model compared well to experimental data. Although there was no new information derived from the
model, the ability to simulate the pro coagulation pathway provided a quantitative description of the
catalytic events that lead to thrombin generation. A kinetic Monte Carlo model was introduced to
simulate coagulation when blood zymogens and enzymes' concentration is low. These Monte Carlo
models help elucidate the coagulation dynamics with a small number of TF molecules in a small volume

of blood, which is usually difficult to observe in experimental studies [73].

Hockin et al. also developed a model of the extrinsic blood coagulation system, which included the
anticoagulants. The model includes TFPI, AT-lII, FVIIA, FIXa and, FXa. The simulations are initiated
by exposing TF to factors Il, IX, X, VII, Vlla, V, and VIIII, and the anticoagulants TFPI and AT-I1I at
concentrations associated with coagulation pathology. Thrombin generation proceeds through the
phases discussed previously. The model results are compared with empirical data, and it is illustrated

that most experimentally observable parameters are captured by the model [75].

ODE models were also introduced to integrate the blood coagulation reactions with haemodynamic
factors and platelet interactions. This explores the significance of surface binding sites for coagulation
reactions [73]. Another study focused on using an ODE to represent the dynamics of thrombin formation
in the vascular and non-vascular systems, assuming a uniformly mixed, static fluid environment. The
model also proved that lipid concentration might influence the effectiveness of the inhibitory pathways
[73].

2.3.2.2. Fibrin Network Models
Due to the complexity of fibrin polymerization, few modelling studies have been conducted. To model
this process, the molecular dynamics for fibrinogen assembly and protofibrils' structures must be

considered. Neither molecular dynamics, kinetics, nor continuum approaches can accomplish this goal.

A kinetic model developed by Weisel et al. helped understand the fibrin assembly mechanisms that
account for experimental observations. The model predicts that polymerization is divided into three
steps; fibrinopeptide A cleavage, protofibril formation, and lateral aggregation protofibril to fibres. As
predicted by the model, the effects of changing the rate of cleaved fibrinopeptides and fibre aggregation

were consistent with the experimental observations [76].
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Yang et al. proposed a model of fibrinogen assembly based on the structures of fibrin and fibrinogen
fragments. Therefore, this presented proof that coagulation proteases diffuse within a polymerizing fibre
by forming cross-links between aC-domains. Fibrin network models can also be designed to predict the
relationship between change in fibrin monomer's supply rate and the fibrin gels' branch concentration
[73], [77].

2.3.2.3. Platelet Activation Models

These models have been extensively studied, enabling identification of the components of the signal
transduction pathways that respond to specific platelet activators. A model was developed using a set
of ODEs to simulate adenosine diphosphate (ADP) activation. The model is divided into four sections:
Ca?* release and uptake, P2Y; G-protein signalling, phosphoinositide metabolism, and protein kinase
C regulation of phospholipase CB. The model predicts the resting steady-state concentrations of Ca?*
and inositol 1,4,5-trisphosphate. It also has been refined to identify the principal components that
regulate the system [73].

2.3.2.4. Platelet-Platelet Adhesion and Platelet-Vessel wall Interaction Models
Adhesion of platelets onto the vessel wall during thrombogenesis is a critical process. It involves the
binding of multiple platelet receptors to one or more ligands. Mori et al. proposed a computational
model that simulates platelet adhesion and aggregation, taking the two plasma proteins' distinct
properties into account. The simulation agreed that thrombus development does not require just VWF

but also fibrinogen [78].

A model showing shear-induced platelet adhesion to VWF at the injury site was developed. The platelets
were modelled as rigid spheres. The model suggested that the platelets' dynamic characteristics flowing
closest to the surface are different from the rest and these differences result from the difference in

relative positions between platelets [73].

2.3.2.5. Integrated Thrombogenesis Models
Improvements have been made on integrating spatial and temporal subprocesses involved in
thrombogenesis due to computational modelling tools' advances. A model that simulated embolus
growth in a vessel wall resulting in haemorrhage showed that blood flow affects the thrombus structure
and the coagulation process. A second model was used to simulate the initial phase of thrombus growth,
showing that the thrombus’s growth is dependent on the blood velocity and the rate of chemical reaction
[73].

Pivkin et al. developed a 3-D model of thrombus formation in the blood vessel, considering each platelet
as a sphere and the suspension of red blood cells as a continuum. The model accounts for the movement
of each platelet. The model indicated the dependence of thrombus growth rate on blood velocity as

obtained in experiments [79].
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2.3.3. Computational Modelling Methods of Blood Clots
2.3.3.1. System-Level Methods

System-level methods model the blood flow and clot formation from a birds-eye view, applying
mathematical relationships to converge towards experimental results. The mathematical relationship
used is the convection-diffusion-reaction (CDR) equations with experimentally estimated constants.
This method is advantageous as it is less complicated and can simulate the qualitative behaviour of
blood clotting related events [72]. A simple application of the method is the simulation of fibrin clotting
time using ordinary differential equations (ODEs). In this case, the blood coagulation factors are
modelled as time-dependent concentrations, chemical reaction are simulated using ODEs and the
clotting time of fibrin is simulated and matched with experiments [72], [80], [81].

Kinetic models can be developed at different stages using rate equations and can be combined with
spatial information to improve accuracy. This method’s major drawback is the dependency on different

empirical models and experimental values for rate constants, which increases error [76].

2.3.3.2. Continuum Methods

Continuum methods focus on understanding the clotting process when physical geometries are
considered. Therefore, this is important when studying blood clots in complex geometries and under
various environmental and mechanical factors. Blood is modelled in its simplest form as an
incompressible Newtonian fluid flowing between two parallel plates, giving rise to Poiseuille flow [82].
Most of the available continuum models assume that the blood vessels are rigid walls and that blood
constituents are massless particles. The flow pattern is then disturbed when the thrombus is formed near
the plate/wall [72], [83]-[85].

The complexity of these models is dependent on the level of detail of the blood constituents that are
considered. The continuum model combines Navier Stokes (NS) equations for flow dynamics and the
CDR equations. By increasing the platelets' concentration, the thrombus is modelled, fibrin, and other
blood constituents [72], [86].

2.3.3.3. Discrete Particles Methods
The application of the dissipative particle dynamics (DPD) method has caught the attention of
researchers due to its versatile fluid simulation capabilities at micro and nanoscales. The DPD method
involves modelling platelets as beads and fibrin fibres as polymer chains connecting the beads. The
pressure and velocity boundary conditions are defined as external forces to the system and can be

solutions of a simple Poiseuille flow [87].

A significant challenge of the DPD method is the simulation of thrombus formation or dynamic bead
adhesion to the wall. Filipovic et al. employed an additional force-based model E{ to represent the

attractive force between the wall and the bead. The distribution of blood factors, obtained from the
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method, are compared with the experimental results, and an effective spring constant is derived. This
method can be improved by incorporating CDR equations for thrombin concentrations, fibrin
concentrations, and basic coagulation pathway models [72], [87]-[90].

2.3.3.4. Multiscale Methods
The multiscale methods involve coupling two or more computational methods together at different
lengths or time scales [72]. A multiscale model was developed using CDR equations and a discrete
Cellular Potts model (CPM) to simulate platelet activation, migration, and binding behaviour. The fibrin
concentration is represented by a rate equation related to the concentration of activated platelets.
Improvements are made to the model by adding a set of CDR equations representing surface-mediated
clot formation and ODEs to represent fibrin polymerization [72], [91].

Instead of applying CPM and CDR equations, the variational multiscale method and smooth dissipative
particle dynamics (SDPD) were used to simulate multiscale blood flow. For this model, other criteria,

such as the role of blood factors, need to be taken into account [72], [73].

Xu et al. developed a multiscale model of thrombus growth. The model breaks down the coagulation
process into sub-models. The Navier-Stokes equations account for the macroscale dynamics of blood
flow. The microscale interactions between platelets, fibrinogen, and the vessel wall are described by
the cellular Potts model. The Mann model accounted for the biochemical processes which are described
using partial differential equations. The model was used to show the dependency of the clot’s size
formed on the blood flow rate. Preliminary experimental data validated the results of the simulation.
The different types of cells that participate in the model's thrombus growth are shown in Figure 2.4
[91].

blood cell quiescent platelet

vessel platelets with njury activated plasma
high fibrin platelets

Figure 2.4: Multiscale model developed by Xu et al. The cells interact on a microscale level and the blood flow as a continuum
[91].
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Shadden and Hendabadi developed a predictive model for potential regions for platelet activation in a
stenosed vessel. Blood was modelled as platelets (= 2um) suspended in plasma. The prediction of the
activation potential (AP) a(x,,ty;t) for a platelet at position x, = x(t,) was done by solving the

Lagrangian integral of the strain rate.
t
@Gyt 0) = [lleGx(s),9)le ds
to

Where x(s) is evaluated along the platelet’s trajectory and e is the strain/deformation tensor.

This model integrates the principal stresses along the platelet trajectory with the platelets modelled as
finite elements [92]. The assumption that platelet activation occurs solely through fluid mechanics was
made. The model showed that maximum platelet activation occurs close to the stenosis peak, which
indicates that thrombus growth will propagate there (see Figure 2.5)[93].
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Figure 2.5: Predictive model of Activation Potential of platelets in a stenosed vessel developed by Shadden and Hendabadi.
(a) The starting and later location after one cardiac cycle. (b) The instantaneous AP contours at different points of the cardiac
cycle [93].

The interaction between blood flow, biochemical reactions, and the effect of thrombus growth was
studied by Bodnar and Sequeira [94]. They developed a simplified variation of the model presented by
Anand et al. The model studied clot formation and lysis integrating biochemical, physiological, and
rheological factors. Blood flow was described by the Navier Stokes equations, ignoring the
viscoelasticity of blood. A network of twenty-three advection-diffusion-reaction equations described
the changes in biochemical concentrations and transport of enzymes. The model was simulated in three-
dimensional cylindrical geometry. The clot growth was studied by tracking the fibrin concentration in
all cells, and when the value exceeds the set threshold, the cell was said to have clotted. The viscosity
is capped at a value that is 100 times higher than that of blood. The time integration was solved using
an explicit Runge-Kutta scheme. The simulation begins with no clotted cells, and as the fibrin

concentration increased, is clotting initiated and propagated [94].
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Figure 2.6: Three dimensional Model developed by Bodnar and Sequeira showing the evolution of fibrin concentration on
the vessel surface at (a) the 30s, (b) 40s, (c) 50s, (d) 60s. [94]
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2.3.4. Deep Vein Thrombosis CFD Models

The previous sections describe the models of coagulation. In this section, some models that focus on

CFD models of deep vein thrombosis are described.

Ramunigari et al. proposed a model that predicts unidirectional blood flow in a vessel in the presence
of venous thrombosis. The mechanism of thrombus formation or the biochemistry involved was not
examined. The model purely accounts for blood flow dynamics by solving the Navier Stokes equations,
as the density of the blood clots was manipulated. The model showed a strong inverse correlation
between clot density and flow velocity [95].
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Figure 2.7: Model of venous thrombosis presented by Ramunigari et al., (a) Geometry and mesh (b) Pressure contour (c)
Velocity contour. The model accounts for clots as spherical elements forming lumps on the vein wall [95].

At higher fluid shear rates, platelet adhesion is facilitated by the vWF [96]. This led to the development
and validation of a predictive model of thrombus growth under the high shear rate by Mehrabadi et al.
The model allowed flow under constant pressure or volumetric flow rate in a cylindrical channel.

Thrombus growth was given as a function of time, wall shear rate, and channel radius.

A model by Ibrahim et al. was used to analyse the effect of valve opening in the popliteal vein on
pressure, velocity, and vorticity of blood flow. Therefore, this model assumed that blood is a non-
Newtonian fluid under isothermal conditions. Two cases were examined. The first case A modelled the
first and second valve openings at 50% and 70% (Case A), respectively. The other case B modelled
valves opened at 50% and 30% (Case B), respectively. It was found that case B produced larger vorticity

than A at the second valve, which indicates a higher possibility of clotting around the valve [97].

Simao et al. developed a model that showed the effects of DVT on the venous valves and the implication
of valve failure on the blood flow circulation in the vessel. The model applied a finite element method
(FEM) with particular boundary and element characterizations to solve the fluid-solid interactions'

governing equations (FSI). Blood is considered a non-Newtonian fluid under laminar flow, and the wall
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is considered a flexible material. Three venous valves were simulated, comparing the blood flow in a
normal and an abnormal valve operation. The model was validated using in vivo echo-Doppler
measurements, shown in Figure 2.8. The model showed that a clot forms during abnormal functioning

of a venous valve, impairing blood flow in the vein and resulting in numbness or even paralysis [98].
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Figure 2.8: Simao et al showing the clot formed in an abnormal venous valve operation, comparing the simulations to the in
vivo measurements [98].

Xu et al. presented a multi-phase model, illustrated in Figure 2.9, that was used to study the impact of
shear flow conditions on the deformation and embolization of a growing clot. The Navier-Stokes
equations and the Cahn-Hilliard equations were used to describe blood flow and deformation of the
clot. It was assumed that the blood clot has two components, namely the core and shell. The volume
fraction of platelets to plasma was 0.7:0.3 in the core and 0.3:0.7 in the shell. The model showed that
the clot's changes in shape and size due to flow are mostly dependent on the attachment of platelets to
the exterior of the clot and the removal of large clot pieces due to shear. It also showed that the higher

the blood clot's permeability, the more prone it is to embolization [99].
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Figure 2.9: Schematic diagram of the model developed by Xu et al, Constant inlet flow of blood. u1 and uz are the longitudinal
and average velocities along and perpendicular to the vessel wall. The black filled indicated the core and the meshed region
represented the shell [99].

23



A patient-specific DVT model was developed by Fortuny et al. The model simulates the flow of blood
in a realistic popliteal vein geometry generated from in vivo CT images from a patient with a thrombus
above the knee. The conservation equations were solved to simulate the incompressible flow of blood.
The model was used to study anticoagulants' effects on blood dynamics around a thrombotic area in a
vein by varying the blood viscosity. The effect of blood flow on the wall shear stress level was studied
using both Newtonian and non-Newtonian viscosity models. The velocity and wall shear stress contour
derived from the model is illustrated in Figure 2.10 [100].
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Figure 2.10: DVT model proposed by Fortuny et al, illustrating the WSS along the surface of a thrombus and the velocity
magnitude at four cross-section planes. The leftmost cross-section plane corresponds to the outlet [100].

2.3.5. Computational Modelling of Venous Valves

Venous valves are one-way valves that allow flow towards the heart and restrict backflow. Malfunction
of the valves can cause significant problems in blood circulation. With the introduction of CFD
modelling into medical imaging, the operation and effects of different venous valves' configurations
can be studied. Numerical methods were developed by Noda et al. and Ohashi et al. to study the flow
behaviour around the valve’s leaflets [101], [102]. A pair of vortices developed and the sinus’ function
around the valve was also seen to contribute to flow regulation. The result was validated with a flow
experiment. The increase in velocity, pressure drop and deformation of the valve orifice during a
heartbeat cycle was studied by Narracott et al., and the method was then used by Buescher et al. to
study the effects of varying the leaflet gap and the ratio of the sinus depth to the vein diameter
experimentally[13], [103].

An experimental procedure was carried out by Lurie et al, to understand the mechanism of venous
valves on the blood flow velocity. Volunteers with no history of venous disease underwent duplex
ultrasound scans in the standing position. The probe was moved around until the valve was identified.
The time relationship between the flow and venous valve movement was investigated frame by frame.

Figure 2.11 shows how valve activity affects the velocity of the blood exiting the valves [104].
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Figure 2.11: Time relationship between venous flow and valve cycle proposed by Lurie et al. [104].

A more recent model of the valve activities was developed by Hajati et al. [105]. The model applied
knowledge from previous studies and was used to investigate the blood flow through the venous valve,
considering the vein wall's flexibility and valve leaflets. Fluid-structure interaction was applied by
solving the governing equations using the Galerkin finite element method. The model predicted the
blood velocity increases from the inlet to the leaflets and the decreases passing behind the valve. The
peak velocity profile confirms the profile measured by Lurie et al. [105], as shown in Figure 2.12. Also,

a pair of vortices similar to those noticed by Ohashi et al. was noticed behind the valve leaflets[102].

Figure 2.12: Leaflet opening and closing through one heartbeat cycle.
2.4. Experimental Models for Thrombosis

2.4.1. Overview
Venous thrombosis models have been classified into one of two categories: either a no-flow state or a
low-flow state. This impacts slow thrombus development. An acute injury model is used to induce rapid
clot formation. The study of DVT and other related factors has moved through various stages. Several
experimental models have been developed to show and study the processes involved in blood clot
formation in veins. The models are either in vivo or in vitro. Most of the in vivo models are performed

on animals. The sections below discuss these models.
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2.4.2. Animal Models
Animal models have played an essential role in the identification of pathways and factors that drive
DVT. They have also helped with the development and optimization of antithrombotic drugs [106].
Several models have been developed using species larger than mice, such as rodents and non-human
primates. One of the pioneer models was developed by Wessler and Connelly in 1952. A vein stasis
model is developed by clamping vein segments in dogs for more than 20 minutes to induce clot
formation [107]. This model's variables have been developed since then on other animals, including
rabbits, rats, and mice. In the process, it was discovered that thrombosis could be initiated by placing a
synthetic material such as a suture inside the blood vessel [106]. Another standard model is developed
by creating an arteriovenous shunt that collects thrombus using a synthetic material. The “pros” of this
model are that it can be performed on a wide range of animals and that it can be used for the treatment
of acute or more chronic cases of DVT. A significant “con” of the model is its limitation when testing

the efficacy of clinical antithrombotic drugs [106].

The IVC is the most accessible large vein in most animals; thus, most models have been created in the
IVC [106]. Smaller veins such as the saphenous or femoral veins are mostly used for microscopic
studies of thrombotic phenomena. IVC thrombotic models involve placing a ligature around the IVC,
either tying it ultimately to stasis or tying it to allow 80-90% flow reduction. The clot is formed upstream
of the ligation site, peaking at about 48 hours. The IVC models lack direct analogy to clinical DVT in
a few crucial ways. One of the key differences is that the stasis site is downstream of the source, whereas
it is upstream in clinical DVT. The model is performed experimentally on young, healthy animals. The

IVC does not contain a valve and cannot be used to imitate events in other veins [106].

Runyon et al. developed an experimental DVT model that leads to pulmonary embolism (PE) in rats.
Blood was drawn from the vein of the rat, treated with thrombin Ca* and then reinjected. Clot

formation increased, and PE occurred within five days [108].

2.4.3. Invitro Models
These models involve the use of methods that simulate various stages of the thrombotic process. A
thrombin assay is a method used to evaluate the amount of thrombin in a volume of blood. Thrombin
induced clotting time is determined by recording the increase in thrombin (usually added) and

monitoring the rate of clot formation [109].

Narracott et al. developed an in-vitro model of blood clotting using hypercoagulable milk to represent
blood. Clot formation was studied for different periods within an idealized cerebral aneurysm geometry
with an idealized coil geometry within the aneurysm. Clot formation was studied using photography
and mass calculation. The model results are consistent with general observations of thrombosis within

cerebral aneurysms [110].
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Ovanesov et al. developed an experiment used to investigate the effects of wall-bound cells on clot
growth. In-vitro clot initiation was achieved in contact pathway-inhibited, non-flowing human plasma
by human TF-expressing cells. Clotting was monitored by a real-time video microscopic system. The
experiment proved that the role of TF-bearing cells is limited to the initiation stage of the clot. Clot
propagation was regulated by the intrinsic Xase complex in the plasma. Although the model does not

account for platelets, it is proposed that the results can be compared to in-vivo situations [111].

Onasoga-Jarvis et al. investigated the haemodynamic conditions under which fibrin formation from TF
substrate under flow using a clot growth experiment. Silica beads were coated with TF and patterned
into dimensioned spots. Human plasma was perfused over the beads with varying TF concentrations at
shear rates between 50-1000 s. The experiment was carried out in a hydrodynamic focusing
microfluidic device. Thrombin generation and fibrin formation were studied using a fluorescent
microscope. The experiment showed that fibrin formation on a surface requires a physical disturbance
in the flow field. Also, a threshold spot size is necessary for fibrin formation to begin and the rate of
fibrin formation decreases with an increase in shear rate [112].

Another in-vitro model was developed by Prasad et al. to study the lysis activity of thrombolytic drugs
on the clot. The model involved using whole blood from a healthy human to grow a clot in a pre-
weighed sterile microcentrifuge tube. The clot is then extracted and weighed before and after applying
streptokinase fluid that causes lysis on the clot surface. The percentage of the clot lysis was calculated
by comparing the weight difference. The experiment showed that there was a significant percentage of
clot lysis when streptokinase was used. These methods could be used to rapidly observe the effects of
newly developed antithrombotic drugs on the clot and can also be applied on a patient-specific level
[113].

Neeves et al. developed a clot growth experiment to prove that the nature of fibrin mesh formed during
thrombosis under flow is dependent on the local thrombin concentration. They introduced thrombin
flux at concentrations 1073-107! nmol/um?-s into a flow of fibrinogen at wall shear rate 10-100 s*
through a microfluidic membrane. They showed that clot formation under static condition will stop
when all the soluble fibrinogen is converted to insoluble fibrin. Adding more fibrinogen made the clot
denser and thicker with bundled fibres along the direction of flow. At low thrombin flux
(107% nmol/um? s), fibrin formation was not noticed. At the medium thrombin flux (1072 nmol/um? s),
shear-rate-dependent fibrin morphology is formed. At the highest thrombin flux (107* nmol/um?s), an

occlusive fibrin gel was observed with the fibre diameters increasing as wall shear rate increased [114].
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3. METHODOLOGY

To model the process of clot growth in the femoral vein, a combination of methods is used. The blood
flow through the vein is accounted for by computational fluid dynamics methods. The biochemicals are
transported in the blood, and the reactions are solved using a stiff equation solver. This chapter aims
to explore all these methods and gives an overview of the theory behind these methods.

3.1. CFD Methods

Computational fluid dynamics (CFD) is widely used in many fields of engineering research and
applications. Advances in computing technology have made it possible to model and study complex
physiological flows using CFD. The application of CFD to cardiovascular medicine is relatively recent
and has shown great potential, proving to be more cost-effective than traditional experimental methods.

For clinical applications, the CFD modelling process is divided into seven key stages. It begins with
clinical imaging, where a range of medical imaging tools including, CT, MRI, and X-ray angiography
is used. The imaging provides all the physiological details, such as patient-derived geometries and
boundary conditions. Blood tests can also be done in this stage to derive the biochemical details required
in the model. The details must be in the appropriate format to make data extraction possible. The next
stage is segmentation and reconstruction. Segmentation converts the medical images into more
simplified in-silico geometries that define the model region of interest. The geometry is then discretised
or meshed, which involves dividing the geometry into several discrete volumetric cells or elements and
time steps. There are many methods of discretising a volume or a geometry. However, the mesh must
be refined enough to capture all the critical features and solve the equations bounding the flow. The
refinement of the mesh must also not be excessive, as this will increase the computational expense on

the solution time. A poor mesh will produce inaccurate results, and this should be avoided.

After the meshing is completed, the boundary conditions are defined. To have a CFD analysis, the
physiological conditions at the inlet, outlet, and wall boundaries must be specified. The boundary
conditions may change with time and can be patient-specific data, population data, physical models, or
assumptions. Once this is done, the simulation stage begins. Depending on the code applied for the
simulation, the user may be required to define some variables. The fluids' properties, the initial
conditions, time discretization information, and the desired output are defined at this stage. The CFD
solver uses this information to solve the Navier-Stokes and continuity equations over the defined time
and the specified number of iterations. Different solver methods can be used to obtain the solution. The
solution is considered to have converged when the difference between the values from two consecutive

iterations is considered sufficiently small.

The CFD solver produces the velocity and pressure values at each element over each time-step. The

post-processing stage involves extracting the required data and displaying it. The results from the model
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are then validated against experimental results. After stating the importance and development of CFD
modelling, the importance of experimental validation is noteworthy. Validation gives confidence in the
accuracy and precision of the CFD model. The theory discussed in this section is derived predominantly
from the ANSY'S Fluent theory guide [115], and notes by Malan et al. Other works will be cited where
necessary.

3.1.1. Governing Equations of Fluid Flow
The Navier-Stokes transport equations describe the blood flow dynamics. The fundamental principles

governing these equations are the conservation of mass and momentum.

3.1.1.1. Conservation of Mass (Continuity)

dF|4

dF|y

Figure 3.1: Illustration of an arbitrary volume V(t) enclosed within a surface A(t). Normal vector n is pointing outwards.

Volume subjected to forces Fa and Fv.

Regarding Figure 3.1, the rate of mass increase in an element is equal to the net rate of mass flow

entering the element. The conservation of the mass equation is described in Eq. 3.1.

0
a_i +V(pu) =0 Eqg. 3.1
Where p is the density, t is the time, and u is the velocity vector. For an incompressible fluid, the density

is constant, and Eq. 3.2 can be written as:

V-u=0 Eq. 3.2
The continuity equation states that the conservation of mass requires the divergence of the velocity to

be zero.
3.1.1.2. Conservation of Momentum

The Conservation of momentum equation is derived from Newton’s second law of motion (Eq. 3.3).

Z‘F=mE=ma Eq 3.3
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Where X'F is the sum of force acting on an object, m is the object’s mass, u is the velocity of the object,

and a is the acceleration.

The second law of motion states that the rate of change of momentum of a fluid element is equal to the
sum of forces acting on that element. Eq. 3.4, Eq. 3.5 and Eq. 3.6 describes the Navier- Stokes

momentum conservation equation in the X, y, and z-direction, respectively.

d(puy) dp
(6tx) +V - (pustt) + =V = pgs Eq.3.4

a(pu, op
TR +V- (puyu) + 3y VT, = pgy Eqg. 3.5

d(pu,) dp
o + V- (puw) + = —Vr, = pg, Eq.3.6

Where u,, u,, u, are the velocities in the X, y, and z directions, respectively, g, g,, g, are the
gravitational accelerations, 7, T,, T, are the stress tensors in the X, y, and z-direction, and p is the
pressure. The equation then simplifies to:

d(pu)

ot
Where u is the dynamic viscosity.

=-V-(pu@u)—Vp+uV?u+pg Eq. 3.7

%:O is the rate of change of momentum per unit volume and is zero in a steady-state case.

—V - (pu @ u) is referred to as the convective term, which describes the momentum

transported through the volume due to the fluid flow velocity.
—Vp is the pressure gradient.

uV?u is referred to as the diffusive term, which describes the momentum transported through

the volume due to the flow of the surrounding elements' viscous effect.
pg is the momentum contribution on the fluid from the body force acting on the fluid.

It is important to note that the Navier-Stokes equations do not have a closed-form solution; hence the

equations need to be discretized over the defined region.

3.1.2. Reference Frames
A fluid under shear will begin and continue to deform. Different reference frames are used when
deriving the governing equations that define this deformation. The primary reference for the Navier-

Stokes equations is the Lagrangian and Eulerian frames.

Lagrangian Reference Frame
In the Lagrangian approach, the fluid particle or control volume is moving through the flow in question.

The fluid-particle carries its properties such as velocity, pressure, and density, which change with time
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and are mathematically represented as 1, (t), p, (t), and p,,(t), respectively. A fluid property can be

expressed as:

¢ = ¢(Xo,t) Eq. 3.8
Where ¢ is the position vector of the control volume at some time t, and X, is the position vector of

the control volume at some reference time t. In other words, X = (X, Y, Z). Hence, the Lagrangian

velocity for a fluid particle can then be defined as:

_dX,

— Eq. 3.9
dt Single Particle

Eulerian Reference Frame
In the Eulerian approach, the control volume is considered at a fixed point in space, and the properties
of the fluid elements are recorded as they pass through that point. The properties depend on both the

position and time and are mathematically represented as ﬁp (x, 1), pp(x,t), and p, (x, t). Where x= (X,

Yy, z) is the spatial coordinate at any time t.

While the Lagrangian approach has multiple benefits, it is computationally expensive and can make it
challenging to keep track of all the fluid particles' trajectory. For this reason, the Eulerian reference

frames are mainly used in fluid mechanics.

3.1.3. General Transport Equation
The general transport equation has some similarities to the Navier Stokes equations. The equation
generally describes the evolution of a quantity ¢ and can be applied to scalars quantities. The equation
is described in Eqg. 3.10.

d
(é’f ) {5 V(o) = 7 (V) + S Eq.3.10
Where,
. aa—‘f : Rate of increase of ¢

u - V(p¢): Net rate of flow out due to convection of ¢

V - (IpVy): Rate of the increase due to the diffusion of ¢.

I is the diffusion coefficient of ¢.

Sg: Rate of the increase due to source of ¢

3.1.4. Finite Volume Method
The finite volume method (FVM) is a discretization method used to approximate a single or partial
differential equations system, describing the conservation of one or more quantities. Other techniques
include the finite element method and the finite difference method. In FVM, the geometry is subdivided
into a mesh, illustrated in Figure 3.2. Non-overlapping domains are then constructed from the mesh.

The domain can either be cell-centred or vertex-centred, and the elements of the mesh are called control
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volumes. The conservation equations are integrated over each control volume, resulting in a balanced

equation. The set of balanced equations are then discretized concerning a set of discrete unknowns.

Ax

—

NW N NE

L ] [ ] [ ]
nw| i ne

W P E

Ay [ ] * W L] e [ ]
,,,,,, Sw S —

s
SW S SE
[ ] L [ ]
#
. ]

Figure 3.2: A uniform 2-D grid, showing the mesh breakdown. P is the cell centre. N, S, W, E represents north, south, west,

and east, respectively, indicating the neighbouring cell centres. Furthermore, n, s, w, e are the cell faces [116].

As explained, the first step of the FVM is to integrate the general transport equation over each control

volume. This is shown in Eq. 3.11.

0
f (gtgb) dv + fl_i -V(pp)dV = f V-5Ve)av + qu)dV Eq.3.11

cv cv cv

cv
Applying Gauss’s theorem to Eq. 3.11 yields Eq. 3.12.

d
| %5Pars fnooan- fammans [sor eqan
A

A cv

cv
Where A is the area of the face of the control volume, and n is the vector normal to that face.
Discretization of Eq. 3.13 can therefore be rewritten as

6( ) N faces N faces
gf’ v+ Z (poid) - A = Z (TyVd) - A+ SV Eq.3.13
f f

To solve the system of equations, pressure velocity coupling needs to be. The discretized transport

equation is generally presented in a non-linear form concerning scalar variables ¢. The linearized form

can then be written as stated above.

apd) = z anb¢nb +b Eqg. 3.14
nb
Where subscript nb refers to the neighbouring cell, and a,, and a,,, are the linearization coefficient for

¢ and ¢,,p, respectively. A similar equation can be written for each cell in the mesh. ANSYS Fluent
solves these linear equations using a point implicit linear equation solver (Gauss-Seidel) in conjunction

with an algebraic multigrid (AMG) method.
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3.1.5. Discretization

3.15.1. Spatial Discretization
ANSY'S Fluent does discretization of scalar ¢ at the cell centres. The values at the face f, ¢ are needed
to solve for the convection and diffusive term. ¢, was interpolated from the values at the cell centres.
This is achieved using the upwind scheme, which involves deriving ¢, from quantities in cells upwind,
relative to the direction of the average velocity v,. Fluent has various schemes that can be used for
spatial discretization, including first-order and second-order upwind, power law, and QUICK.

Since a high level of accuracy is desired, the second-order upwind was applied in this work. In this
approach, the cell face values are derived by a Taylor series expansion of the cell centre values using

equation Eq. 3.15.

pr=+Ved 7 Eq. 3.15
Where ¢ is the cell centre value, V¢ is the cell centre value’s gradient in the upstream cell, 7 is the
displacement vector from the upstream cell centroid to the face centroid. The diffusion term is central
differenced and is always second-order accurate.

3.1.5.2. Temporal Discretization
For transient simulations, the governing equations must be discretised in both time and space. The same
spatial discretization is done for both steady and transient simulations. Temporal discretization involves
integrating every term in the differential equation over the chosen time step 4t. Eq. 3.16 describes the

time evolution of a given variable ¢.

g—q; = F(¢) Eqg. 3.16
Where F incorporates the spatial discretization, the time derivative is discretized using backward
differences to give the first and second-order accurate temporal discretization described in Eg. 3.17 and
Eq. 3.18.

n+l _ 4n
% — F(¢) Eq. 3.17
3¢n+1 _ 4¢n + ¢n—1 B
o = F(¢) Eg. 3.18

Where n + 1 is the value at the next time step, n is the current time step, and n — 1 is the previous
time step. The method used to evaluate F(¢) is the implicit time integration, which is done at n + 1
(see EQ. 3.19) and can be iterated at each time step before moving to the next. The method is
unconditionally stable with respect to time step size.

n+l _ an
U](V¢)CO = A(,b% = F(¢)n+1) Eg. 3.19
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3.1.5.3. Evaluation of Gradients and Derivations
Gradients are essential when determining a scalar's values at the cell faces (see Eq. 3.15). They are also
used to compute the secondary diffusion terms and velocity derivatives. The gradient V¢ of a scalar ¢
is used to discretize the conservation equations' convection and diffusion terms. According to the
following methods, fluent computes the gradients: Green-Gauss Cell-Based, least-squares cell-based,
and Green-Gauss Node-based.

The Least-squares Cell-based method is applied in this work. In this method, the solution is assumed to
change linearly. Considering two neighbouring cells c0 and ci, the change in cell values between the

two cells is described as,

(V) co: A1y = (i — Do) Eq. 3.20
Where Ar; is the vector from the centroid of c0 to ci. Eq. 3.20 can be written for each neighbouring cell

to c0 in compact form:

UI(Ve)eo = 49 Eq.3.21
Where []] is the coefficient matrix and is a function of the geometry. The minimization problem for the

system of the non-square coefficient matrix is solved to determine the cell gradient. The coefficient
matrix is decomposed using the Gram-Schmidt process, yielding a matrix of weights for each cell. Thus,

for each face of c0, there are three components of weights (W?*,,, Wyl.o, W?,,) produced. Therefore,
the gradient at the cell centre can be derived by multiplying the difference vector A¢ = (¢.; — P0) by

weight factors.

(Px)co = Z Wxio (i — Do) Eq. 3.22
i=1

()e0 = ) W+ @i = beo) Eq. 3.23
i=1

(D)o = Z WZiO (i — Do) Eq. 3.24
i=1

3.1.5.4. Gradient Limiters
Gradient limiters are applied when the second-order upwind scheme is used and prevents spurious
oscillations in the flow field near areas with shock, discontinuities, or rapid local changes. The limiter
attempts to prevent the linear field variable on the cell faces from going past the neighbouring cells’
minimum and maximum values. The simulations in this work used the standard limiter. This limiter
applies the minimum modulus function to limit the reconstructed solution's overshoots and undershoots

on the cell faces.
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3.1.6. Pressure-Based Solver
The simulations in this work are pressure-based. This section describes the unique methods used to
approach the discretization of the momentum and continuity equations and their solutions using
pressure-based solvers. The particular methods are described by taking the steady-state continuity (Eq.

3.25) and momentum (Eq. 3.26) equations in integral forms.

$p-dAd=0 Eq. 3.25
gﬁpﬁﬁ-dﬁz—gﬁpz-dﬁ+gsf-dﬁ+fﬁdv Eq.3.26
Where p is the pressure, | is the identity matrix, 7 is the stress tensgr, and F is the force vector.
3.1.6.1. Discretization of Momentum Equation
The spatial discretization scheme is also used to discretize the momentum equations. The x-momentum

is derived by substituting scalar ¢ with velocity u in Eq. 3.27.

apyu = Z AppUn, + Z pfA-i+S Eq. 3.27
In the case where the pressure field p Zﬁd face mass flux is known, the spatial discretization scheme
can be performed directly. In most cases, these values are unknown; hence they must be obtained as a
part of the solution. Fluent uses a co-located scheme where the velocity and pressure are stored at the
cell centres. However, the values at the cell faces are required for the solution. These values are
computed using the interpolation scheme. Fluent offers multiple interpolation schemes for different

cases including linear, standard, second-order, body force weighted, and PRESTO! Scheme.

Some of the simulations in this work were performed using the default second-order scheme in which

the face pressure was reconstructed using the central difference scheme describing the pf in Eq. 3.27.

As the modelling becomes more complex and porous media were introduced, the PREssure Staggering
Option (PRESTO!) scheme was then used as recommended for flow involving porous media. The
PRESTO! Scheme applies the discrete continuity balance for a “staggered” control volume about the

face to compute the face pressure. The PRESTO! scheme can be applied for any mesh type.

3.1.6.2. Continuity Equation Discretisation
The integral form of the continuity equation described in Eq. 3.25 is solved over a control volume to

yield the discrete equation Eqg. 3.28.

N
> phy =0 Eq. 3.28
f
Where /£ is the mass flux through face f, To complete the solution, the face values of velocity , are

related to the stored values of velocity at the cell centres. This was done by linear interpolation of the

cell-centred velocities to the face. Fluent does not average the face velocity linearly; instead, it uses the
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momentum-weighted averaging, applying the weighting factors based on the linearization coefficient
a,. The face flux is hence described as,

ap,cyVncy T Apc,Vne,
Ap,co + ap,c,

+ds ((pe, + FD)ey - o) = (pe, + (VP)e, - 1)) Eq.3.29

=Jr +ds(pc, — pc,) Eq. 3.30
Where p¢, and p¢, are the pressures, v, . and v, ., are the typical velocities within the two cells on both

Ir=pr

sides of the face. J r accounts for the influence of velocities in these cells. dy is a function of a,, for both

cells.

3.1.6.3. Pressure-Velocity Coupling
The pressure-velocity was coupled to derive an additional condition for pressure by rearranging the
continuity equation. The pressure-based solver made it possible to solve the flow problem in either a
segregated or coupled manner. Fluent provides five options of pressure-velocity coupling algorithms to
choose from; including, SIMPLE, SIMPLEC, PISO, Coupled, and fractional step (FSM). This work
used SIMPLEC for cases that do not require porosity change and PISO for cases that include porous
effects.

SIMPLEC

SIMPLEC (SIMPLE-Consistent) is a variation of SIMPLE algorithm. The SIMPLE algorithm applies
the relationship between pressure and velocity corrections to ensure mass is conserved and obtain the
pressure values. The momentum equation is firstly solved with a guessed pressure p* value with

resultant face flux ¢ computed as

Jp =J; +dp(p, — pe,) Eq. 3.31
If J7 does not satisfy the continuity equation, a correction J; described in Eq. 3.33 is added to J;. The

corrected face flux J; is computed as,
Jr =15 +J; Eqg. 3.32
Iy = dr(pz, —pt) Eq.3.33

Where p’ is the cell pressure correction. SIMPLE algorithm then substitutes Eq. 3.32 and Eqg. 3.33 into
the discrete continuity equation to derive the discrete equation for pressure correction, described in Eq.
3.34.

app’ = z AnpPrp + b Eq. 3.34

nb
Where b is the source term indicating the flow rate into the cell, described in Eq. 3.35.

N
b= Ji4s Eq.3.35
f

36



The pressure-correction equation was then solved using the AMG method. The cell pressure and face
flux are then corrected using Eq. 3.36 and Eq. 3.37, respectively.

p=p"+ayp Eq. 3.36

Jr =J7 +ds(pe, — pc,) Eq. 3.37
Where a,, is the under-relaxation factor for pressure.

The SIMPLEC algorithm follows a similar procedure as the SIMPLE algorithm. The only difference is
the expression used to define the face flux correction J } in which the dy is redefined as a function of

(ap —ananb). Using this modified equation accelerates the convergence of solutions involving

pressure-velocity coupling.

There are cases whereby the mesh has a degree of skewness. Skewness describes the roughness of the
approximate relationship between the difference of pressure correction and the mass flux correction at
the cell face. The skewness is corrected by SIMPLEC by recalculating the pressure-correction gradient
after the initial solution. The gradient is then used to update the mass flux correction. The SIMPLEC
skewness correction allows Fluent to determine the solution on a highly skewed mesh, taking

approximately the same number of iterations as a more orthogonal mesh.
PISO

The pressure-implicit with the splitting of operators (PISO) coupling scheme is also a variation of the
SIMPLE scheme. It has a higher degree of approximation of the relationship between the correction of
pressure and velocity. SIMPLEC is limited because those additional calculations are needed to make
the new velocities, and their corresponding fluxes satisfy the momentum balance after pressure-
correction. PISO accounts for this by performing two additional corrections: neighbour and skewness

correction.

The PISO algorithm moves the repeated calculations required by SIMPLEC into the solution stage of
the pressure-correction equation. For cases where the mesh a high degree of skewness, the PISO
algorithm recalculates the pressure-correction gradient and uses it to update the mass flux correction.
PISO and SIMPLEC algorithm perform similar processes for skewness correction. The skewness and
neighbour corrections' simultaneous coupling at the same pressure correction equation may lead to
divergence or a lack of robustness. The PISO algorithm may take longer to solve for each iteration, but

it will reduce the number of iterations required for convergence.

The simultaneous coupling of the skewness and neighbour corrections at the same pressure correction
equation may lead to divergence or a lack of robustness. PISO algorithm enables iterating the skewness

correction one or more times for each separate neighbour correction iteration. Although more
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computationally expensive, this method allows for a more accurate adjustment of the face mass flux

correction according to the normal pressure correction gradient.

3.1.7. Steady-State Iterative Algorithm
To perform a steady-state calculation, the time-dependent terms of the general governing equations are

ignored.

3.1.7.1. Under-Relaxation of Variables
The explicit under-relaxation of variables is applied in the pressure-based coupled algorithm for some
material properties, momentum, and pressure. Since the equation set being solved by Fluent is non-
linear, it is vital to control the change of ¢. This is achieved by under-relaxation of variables, which

limit the change of ¢ produced during each iteration. The new value of ¢ is defined as,

¢ = Poiq + aldep Eq. 3.38
Where ¢4 is the old value, « is the under-relaxation factor, and A¢ is the change in ¢.

3.1.7.2. Under-Relaxation of Equation
The pressure-based coupled solver uses the equation's implicit under-relaxation to stabilize the
convergence behaviour of the non-linear iterations. The stabilization is done by adding selective
amounts of ¢ into the system of discretized equations. The Courant-Frederichs-Levy (CFL) number is

a solution parameter in the pressure-based coupled algorithm.

app apPora

- z Anp Prp + CFL Eqg. 3.39
nbl 1—a
- = Eg. 3.40
CFL a

3.1.8. Time-Advancement Algorithm
Time-dependent flow simulations require the discretized generic transport equation described in Eq.
3.41. The pressure solver in Fluent uses an implicit discretization of the general transport equation. By

default, all diffusive, convective, and source terms are solved for the future time step n+1.

f a(gf) av + 3@ (ppti)"*1dA = f}ﬁ (L7 )™ dA + j Se™t v Eq. 341
A A (5%

Generally, the ﬁime-discretization error of a pressure-based solver is determined by the choice of

temporal discretization scheme and the time advancement scheme. Fluent provides two time-

advancement schemes, the iterative and non-iterative time-advancement schemes. The scheme selection

is made based on the manner in which the splitting error is controlled.

The iterative time advancement scheme was applied for simulations in this work, which involved
solving all the equations iteratively for the given time step until the convergence criteria are met. This

scheme accounted for the non-linearity of the equations and eliminated the splitting error.
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3.1.9. Multigrid Methods
Fluent uses the multigrid scheme to accelerate the convergence by computing corrections on a series of
coarse grid levels. Using multigrid significantly reduced the number of iterations taken. Thus reducing

the CPU time required to obtain convergence. A set of discrete linear equations is given by:

Ape+b =0 Eq. 3.42
Where ¢, is the exact solution, and A is the acceptable level operator. Before convergence, the

approximate solution, ¢ is associated with a defect d,

Ap+b=d Eq. 3.43
The approximate ¢ was corrected by 1. The exact solution was then described as

Pe=0+Y Eq. 3.44
Substituting Eq. 3.42 and Eq. 3.43 into Eq. 3.44 gives

AP+ (Ap+b)=0 Eq. 3.45
Substituting Eq. 3.43 into Eq. 3.45 gives

AY+d=0 Eq. 3.46
Assuming the relaxation scheme has damped the high-frequency errors, the correction y will be solved
more effectively on the succeeding coarser level. Solving for the correction on a coarser level needs the
defect to be transferred from an adequate level. The correction was then solved on a coarse level and

transferred back to the satisfactory level. The equations for correction on a coarse level are written as:

AfyYH + Rb =0 Eq. 3.47
Where, Hand A" is the correction and the operator on a coarse level, respectively. R is the restriction

operator used to transfer from the acceptable level. Eq. 3.47 can then be rewritten as:

PV = ¢ + Pyl Eq. 3.48
Where P is the restriction operator used to transfer from the coarse level.

The multigrid cycles are recursive processes applied at each grid level as it moves through the grid
hierarchy. The V and W are cycles offered by Fluent. The default V cycle was used in the simulations

for algebraic multigrid. The cycle revolves around five processes,

e lteration performed on the current grid level one iteration consists of one forward and one
backward Gauss-Seidel sweep.

e The solution is restricted to the next coarser grid level

e The reduction of an error on the course grid

e The computed correction on the course grid interpolated back to the fine grid
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e lterations are known as post-relaxation sweeps performed on the fine grid to eliminate the high-

frequency error.

Fluent offers two forms of multigrid, AMG and full approximation storage (FAS). The AMG was
applied in this work. The Algebraic multigrid does not require the geometry or re-discretization on the
coarse level. AMG is preferable for use in cases with unstructured meshes. The scalar AMG solver is
used to solve linear systems of individually discretized transport equations. The coupled AMG solver
solves the linearized transport equations using implicit discretization from coupled systems.

Where i influence j. The influence has the form,

11 12 1N
aij aij e ij
a21

a%\}l {\}N
The unknowns and source are defined in form,

1 1

I L R L
XJ = :n ,B] = :n
Xj bj

Eq. 3.49 above was solved using the Gauss-Seidel smoother. The Gauss-Seidel method solves the linear
system of equations one at a time in sequence. It uses the previous solutions as soon as they become

available for the next one.

3.2.  Chemistry Modelling
The modelling of clot initiation and growth is a crucial part of this work. This section describes the
method of approach used to simulate these processes. The values of constants and thresholds used will

be discussed in the upcoming sections.

3.2.1. User-Defined Scalar (UDS)
Scalars were introduced into the simulation to account for the biochemistry concentration and reactions.
The concentration of thrombin, fibrinogen, and fibrin in blood was simulated as scalars flowing in the
solution zone, which is the entire vein geometry implemented by Bodnar and Sequeira [94]. Additional
variations need to be made in some cases, but, in most cases, Fluent solves the transport equation of a
UDS the same way it solves the transport equation of any other scalar. For an arbitrary scalar under
convective flux, Fluent solves the transport equation:
agctl-) +-V(C) =V (LVC) +S; Eq. 3.51

Where C; represents the concentration of the ith biochemical or “scalar”, S; is its corresponding source

or depletion, and I; is its diffusion coefficient.
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3.2.2. Biochemical Reactions
This work focuses on the reactions between the biochemical species required for the clotting of blood.
A convection-diffusion-reaction approach is taken where the proteins are delivered at the specified
boundaries, diffuse around, and then react with one another leading to clot formation. The changes in
concentrations of these species are modelled using the Michaelis-Menten equation. The equation
describes the reaction between an enzyme E and a substrate S producing product P. In this work, fibrin

is produced by the reaction between thrombin and fibrinogen.

E+S©ES=>E+P Eq. 3.52
d[P] keqt[E1LS
[P] _ keaelE]IS] £q. 353
dt K +[S]

Where k., is the catalytic rate constant, and K, is the Michaelis constant

3.2.3. Porous Media Conditions
Clot growth inflow is simulated in various ways. Bodnar and Sequeira, including other researchers in
the field, approached clot formation by changing the clot region's porosity to a different value from the
rest of the flow [94]. Other works also approached clot formation by assigning the clot region with a
different permeability and viscous resistance [117]. This work took both ideas and used them to model
the clot growth. Fluent simulates a porous media by adding a momentum sink to the governing

momentum equations, as shown in Eq. 3.54.

By default, Fluent solves the porous media for a single-phase flow using the superficial velocity porous
formulation. Where the superficial phase velocities are calculated based on the volumetric flow rate in
the porous zone. The porous media are modelled by adding a momentum source term S;. The source
term comprises two parts, the viscous loss term, and the inertia loss term.

d(pu)
at

=-V-(pu®u) —Vp+u?u+pg+S5; Eq.3.54

3
3
z 1
S;=-— EDU‘UU] + Cuzplvlvj Eqg. 3.35
j=1
1

j:
Where |v| is the magnitude of velocity and D and C are prescribed matrices. The momentum sink

influences the pressure gradient in the cell, creating a pressure drop is proportional to the fluid velocity.

Eq. 3.55 is then simplified to Eq. 3.56 for a homogenous porous media.

1
Si = _(gvi + Goplvivy) Eq. 3.56
Where « is the permeability and C, is the inertial viscous resistance.
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3.2.3.1. Darcy’s Law
When a fluid flows through a porous zone in a laminar fashion, the pressure drop is proportional to the
velocity, and C, can be considered equal to zero. The convective acceleration and diffusion can be

ignored reducing the porous media to Eq. 3. and describing Darcy’s Law.

vp = —gﬁ Eq. 3.57
The pressure drop can be written in the X, y, z directions as:
- 1
Ap, = Z szjAanplvlvj Eq. 3.58
j=1
- 1
Ap, ~ 2 CzyjAnyEplvlvj Eqg. 3.59
j=1
- 1
Ap, = 2 CszAanPWWj Eq. 3.60
j=1

Where 4An,., An,, An, are the thickness of the medium in the X, y, z-direction.

For transient simulations, the effect of porosity is accounted for in the scalar transport equations and
continuity equation. The temporal term simply becomes % (ypo), where ¢ is the scalar quantity and y

is the porosity.

3.3. Clot Growth Modelling
Under normal blood flow conditions, no clot is formed or exists in the vessel. Clot formation begins
when an activation threshold in the flux boundary condition is exceeded, and the clotting cascade is
initiated [94]. The clot formation and growth in this model are linked to the concentration of thrombin,
which is released as flux from the injury zone on the vein wall. As more thrombin is introduced into the
flow, it is consumed by the fibrinogen already present in the blood, and fibrin is produced as explained
in the previous section. The concentration of fibrin continues to increase, and when it reaches a
threshold value, clot formation initiates in that cell. The porosity and the viscous resistance of the
“clotted” cells were changed to simulate the resistance to flow caused by the presence of clot in those

cells.

The clot formation in a cell is restricted to two criteria, the concentration of fibrin in the cell must exceed
the set threshold value, and the cell must either be by the injury zone where clot formation is assumed
to initiate, or it must have at least one clotted neighbouring cell. The coagulation pathways were reduced
to initiate clotting only based on the concentration of thrombin present. The thrombin generation begins
some seconds after the simulation starts. This allows the flow to stabilize before the biochemical is
introduced. The concentration used in this work was derived from literature. Tests assessing the amount
of thrombin generated during coagulation have associated limitations. Whole blood tests are being

developed to clinically determine the amount of thrombin in blood. The use of a thrombogram is one
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of the most accessible research-based tests to reliably measure the thrombin concentration during
different stages of coagulation [118]. A calibrated automated thrombogram (CAT) was developed by
Hemker et al., showing the concentration of thrombin in a patient’s blood over time. The CAT was used
to determine if the patient was in a hypercoagulable or hypo coagulable state [119]. A thrombin
generation curve shown in was later defined by an Eq. 0.Error! Reference source not found.

developed by Kremer et al. [120].

60

ITH|=1x 10" x| h x P x <_hX(L_TTP)> P ('e(_hx%_m)x%))
= e

Where: P is the peak thrombin concentration
ETP is the endogenous thrombin potential
TTP is the time to peak
h is a constant = 2.7272

t is the time in seconds
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Figure 3.3: Thrombin Generation Curve shown on thrombogram as a function of time. A = Lag time (min), B = Maximal rate

(nM/min), C = Thrombin Concentration peak, D = Time to peak, and E = endogenous thrombin potential (ETP) [118].

3.3.1. Experimental Validation Methods and Materials

Materials and Devices

Fibrinogen from human plasma 50-70% protein with >80% of clottable protein (Sigma Aldrich, Saint
Louis MO USA) was received in powder form with solubility 10 mg/mL. It was then diluted in
Dulbecco’s Phosphate Buffered Saline (Sigma Aldrich, Saint Louis MO USA) to a concentration of

100mg/L. The calcium and magnesium in the saline facilitate cell binding and clumping a characteristic
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needed for clot formation. Thrombin from human plasma (Sigma Aldrich, Saint Louis MO USA) was

diluted in the saline to concentration 100mg/L.
The experimental setup shown in Figure 3.4 includes the following parts and devices:

e Flow phantom (a 10mm ID clear PVC pipe, Length 80 mm) with a 1mm hole 40mm from the
inlet to serve as the thrombin inlet.

o A Masterflex® L/S variable speed analogue console peristaltic pump.

e An NE-300 Just Infusion™ Syringe Pump.

e A Leica V-Lux 5 digital camera.

Thrombin
in Syringe
Pump

Fibrinogen Peristatic Flow Qutlet
Tank Pump Phantom Tank

Figure 3.4: Illustration of Experimental Setup
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4. PARAMETRIC STUDY OF TWO-DIMENSIONAL DVT
MODEL

Modelling cardiovascular vessels using CFD is beneficial in the development and effectiveness of the
treatment for cardiovascular disease. The optimization of the parameters involved in clot formation in
DVT is an important step in model development. This chapter describes the parametric study of vein
diameter, blood velocity, and thrombin concentration in a two-dimensional geometry. Blood flow
transports protein to the injury site where clot formation initiates, obstructing flow. The model is
simplified and will serve as a basis for developing more complex models to be discussed in the following

chapters. Simplification allows for the effects of the changing parameters to be identified.

4.1. Overview
CFD modelling of cardiovascular diseases has been a promising development in medical imaging
applications. There are speculations that CFD modelling and simulations could be used in conjunction
with imaging techniques to produce systematic predictions of different cases of surgery and treatment
outcomes for clinical environment. The modelling process begins with an idealized or simplified model
with which the parameters and constraints are optimized. The models require reliable parameter inputs
that are derived experimentally. The optimization is then used with a patient-specific model to enable a
customized treatment regime for patients [121]. This optimization process was used mainly by
traditional disciplines such as automotive and aeronautics design and was recently introduced into

cardiovascular medicine.

Medical devices such as stents, ventricular assist devices, and coil placement involve a form of
geometry or shape optimization. Parameter identification enables the obtainment of a patient-specific
model using control theory methods. The information extracted from the medical images is maximised
in the context of material property identification. For models involving fluid-structure interaction,
viscoelasticity is used to accurately simulate the effects of surrounding tissue, vessels, and organs on
fluid flow.

The process of blood clot formation is complex and is dependent on interactions between multiple
biochemical species. The clot formation initiation results from platelets getting trapped in a fibrin mesh,
forming a large solid mass known as thrombus. The work described in this chapter modelled the
formation and growth of the fibrin mesh based on the transport of the biochemical species as done by
Mann [75] and Bodnar and Sequeira [94]. The coagulation cascade's complexity was reduced to one
reaction, simplifying the model and making it easier to use. The effect of the platelets is included by
varying the porosity of areas that have clotted due to fibrin formation. Although values for parameters
used in previous models are derived experimentally, few sources describe the actual effect of different

parameters on the initiation and propagation of clots. This work answers some of those questions by
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investigating the impact of three parameters (blood velocity, vein diameter, and thrombin concentration)
on the size and shape of the clot formed at the injury site. An idealized two-dimensional model of the

femoral vein was employed.

4.2.  Modelling Process

The modelling processes of a typical haemodynamic CFD case were described previously. Figure 4.1
below describes these processes.

o Mesh o| Boundary

. > o Post Processing
Generation Conditions =

h 4

Geometry »  Solution

Figure 4.1: Processes of modelling a Haemodynamic CFD case.

The acquisition of data was an important stage of the modelling process. The simplicity involved makes
it possible to derive all the data used for the model discussed in this section from literature. The essential

data acquired are the velocity of blood, the blood pressure, and the vein’s geometry.

4.2.1. Vein Geometry
The geometry of the vein is derived from literature. Clinically, multiple methods could be used to
determine the shape of the vein. Hayakawa et al. applied a B-mode ultrasound diagnostic device to
determine the diameter of the femoral vein of a person breathing normally in a sitting position [56]. The

diameter was measured as the distance between the vein lumen at its rest position.

Lattimer et al. used duplex evaluations of a linear transducer attached to an ultrasound machine to
determine the diameter of the femoral vein of patients with no evidence of venous disease [54]. The
patients were examined in the standing position with their hips supported by a couch while the other
leg carried the body weight. This position was chosen to allow the gravitational force to act and ensure
the leg veins are fully expanded. To determine the hemodynamic changes that occur when the femoral
vein is under increased outflow resistance, they attached a high thigh cuff that inflates and deflates to
the patient’s legs to work in conjunction with the intermittent pneumatic compression (IPC) device
attached on the calf. Fronek et al., also determined the common femoral vein's diameter using a duplex
ultrasonography evaluation [51]. The evaluations done by Lattimer et al. [54] and Fronek et al. [51]
differ in that the patients in Fronek et al. evaluation were on a tilted table, resting comfortably in a flat

position, and were performing the Valsalva manoeuvre.

The measurements from the above works are considered in this section. These evaluations account for
prominent leg positions: standing, sitting, and supine. The simplicity of the model allows for the
idealization of geometry. The complex shape of the vein was simplified to be a rectangle representing

a cylinder with properties shown in Table 4. The length of the simulated vein was the distance between
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two venous valves. Figure 4.2 indicate that the 2D geometry is asymmetric and the injury site was 50%
of the vein length.

Q 0.01 {rm) /k
] Z X

0.005

Figure 4.2: Idealized 2-D geometry of vein. A is the thrombin inlet; B is the inlet, and C the outlet.

4.2.2. Blood Velocity and pressure

The velocity data used for this model is acquired from literature. Lattimer et al. and Fronek et al.
determined the velocity of blood in the femoral vein using duplex ultrasonography in positions
mentioned in Section 4.2.1 [51], [54]. In both cases, the velocity profiles were analysed, the time-
averaged maximum flow velocity (TAMV), and the mean peak velocities are determined. The mean
peak velocity values are used in this section. An invasive approach to measuring the venous flow
velocity developed by Coffman and Lempert is also considered in this model [54]. This prevents the
restriction of the data sample to ultrasonography. Coffman and Lempert determined the velocity by
measuring albumin's transit time from the calf to the inguinal region. A catheter was used to inject the
dosage of albumin required at the ankle. A scintillation probe was placed over the femoral vein to record
the radioactive count. The velocity was determined from the time of injection to the initial rise in
radioactivity. The inlet velocity and Reynolds number are shown in Table 3.

Table 4: Geometric and flow properties for idealized geometry.

Properties Values
11.84 [51]
Vein Diameter (mm) 11.2 [54]
9.76 [56]
Vein Length (mm) 60
Thrombin Inlet Length (mm) 30
Thrombin Inlet distance from Inlet (mm) 10
Inlet Blood Velocity (m/s) 0.122
Reynolds Number 380
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Not many researchers have attempted to measure blood pressure in the femoral vein, instead, the body
mean pressure is used [53], [57]. Kurstjens et al. used an ultrasonic machine and a pressure monitoring
set to study the changes in blood pressure in the common femoral veins of patients with post-thrombotic
deep venous obstruction [58]. The study measured the pressure for both the affected and non-affected
limb. The data for the non-affected limb was used in this model.

Hagen Poiseuille profile was used to describe the velocity at the inlet of the vein. The equation Eq.4.1

represents the velocity.

r2
Where,

r=4+x2%+ yz Eq.4.2

Vi 1s the maximum velocity, r is the distance from the centre, and R is the vessel’s radius.

4.2.3. Grid Independence Test
A grid independence test (GIT) was performed to improve the quality of results by running
calculations using successively smaller cell sizes. The test determines the most suitable meshing method
and meshes size for the model. Velocity and pressure were monitored, and these values are more
accurate using finer mesh. However, running calculations using finer meshes is computationally
expensive. The grid independence test is performed to find the balance between the results’ accuracy
and the computational expense.

The test for this model was done in two sections. The steady-state GIT was done to choose the meshing
method and size required to attain stable blood flow. The transient state GIT was then performed to

determine the mesh size, giving the most accurate bio-chemical release accounting for CPU time.

4.2.3.1. Steady State GIT
Steady-state GIT was performed using four mesh sizes with 750, 2500, 5000, and 7500 elements,
respectively. Two mesh methods are applied: tetrahedral and multizone. Outlet flow velocity and
pressure were monitored to evaluate the adequate mesh size and method. The vein was initially a
cylindrical pipe of length 60 mm, considering the distance between the valves. Inlet velocity was
considered a parabolic flow as it would not be formed due to short vein length. In each mesh size case,
the test was performed on geometries with three vein diameters, shown in Table 4. The average

percentage error in the outlet velocity over a line drawn across the geometries’ centre was measured.
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Table 5: Steady-state grid independence test result summary for the geometries.

Velacity Magnitude (m/s)
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Geo 1

Gen 2

Steady State Mesh Independence Test
Geometry 1
No of | No of | Element Average Outlet | Maximum % Error Compared
Elements | Nodes | Size (mm) | Velocity (m/s) Velocity (m/s) | to Next Finer Mesh
Mesh1 | 780 837 2.000 0.0810 0.121 1.3130
Mesh 2 | 2660 2772 | 0.800 0.0812 0.121 1.0345
Mesh 3 | 5280 5445 | 0.500 0.0813 0.122 0.4748
Mesh 4 | 7500 7701 | 0.400 0.0813 0.122
Geometry 2
No of | No of | Element Average Outlet | Maximum % Error Compared
Elements | Nodes | Size (mm) | Velocity (m/s) Velocity (m/s) | to Next Finer Mesh
Mesh 1 | 754 810 2.200 0.0811 0.1215 1.0049
Mesh 2 | 2448 2555 | 0.850 0.0812 0.1216 1.0136
Mesh 3 | 4998 5160 | 0.490 0.0813 0.1217 0.6760
Mesh 4 | 7595 7800 | 0.390 0.0813 0.1217
Geometry 3
No of | No of | Element Average Outlet | Maximum % Error Compared
Elements | Nodes | Size (mm) | Velocity (m/s) Velocity (m/s) | to Next Finer Mesh
Mesh 1 | 750 806 2.000 0.0810 0.1205 0.9203
Mesh 2 | 2574 2686 | 0.770 0.0811 0.1211 1.0735
Mesh 3 | 5125 5292 | 0.485 0.0813 0.1215 0.5740
Mesh 4 | 7567 7776 | 0.375 0.0813 0.1216
Geometry 1 (Diameter = 11.84mm) Geometry 2 (Diameter = 11.2mm)
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Figure 4.3: Steady-state grid independence test results. (a-c) show the parabolic velocities for the three geometries at four

different mesh sizes. (d) Inlet pressure for the three geometries at different mesh sizes
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A solution is assumed to be grid independent when the percentage error between the mesh and the next
finer mesh is less than 1%. The geometries tabulated results show that the parabolic flow solutions
become grid independent at 5000 elements for Geometries 1 and 2 and 750 elements for Geometry 3.

4.2.3.2. Transient State
The transient bio-chemistry grid independence test was performed by measuring the thrombin
concentration over time using a point probe placed 5x10° m away from the centre of the injury zone.
The vein geometries from steady-state analysis are maintained in transient GIT. Fifteen inflation layers
were made at the walls to increase the solution’s accuracy at cells closer to the walls. The mesh element
size was varied over range 7500 — 30000 elements. And dt values 0.1, 0.5, and 1s were applied. The
thrombin generation profile described in Eq. 3.61. was applied. Thrombin concentration was simulated
as a scalar with diffusivity of 6.47 x 10711 m? / s. The thrombin generation peak used was 118 nm,

ETP was 1648, and the TTP was 4 min. For each grid size, three timesteps were implemented.

As indicated in Figure 4.4 and Table 6 The Geometry 1 solution was observed to be grid independent
at 7500 elements and dt = 0.1 s. To acquire precise results, the same grid size used for the geometries
should be the same. The three geometries were grid independent at 30000 elements and dt = 0.5 s.
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Figure 4.4: Transient state grid independence test results. a-c showing the thrombin concentration at point probe for geometry

1 attime steps 0.1 s, 0.5 s, and 1s. d-f is showing the magnified peaks of the curves for geometry 1, 2, and 3.
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Table 6: Transient state grid independence test result summary for the geometries.

Mesh Courant | Peak Thrombin | Average  Thrombin | % Error
Number | Concentration [Mol] | Concentration [Mol]
Ge0_1 7500_1 0.4379 1.05E-05 2.186E-06 0.18
Ge0_1_7500_0.5 0.2190 1.05E-05 2.189E-06 0.75
Ge0_1_7500_0.1 0.0438 1.06E-05 2.192E-06 1.22
Ge0_1 15000_1 0.4487 1.08E-05 2.255E-06 3.46
Ge0_1 15000 0.5 | 0.2243 1.09E-05 2.258E-06 4.04
Ge0_1_15000_0.1 | 0.0449 1.09E-05 2.261E-06 453
Ge0_1 30000_1 0.4454 1.04E-05 2.153E-06 1.07
Ge0_1 30000_0.5 | 0.2227 1.04E-05 2.155E-06 0.47
Ge0_1 30000_0.1 | 0.0445 1.05E-05 2.159E-06 0.00
Ge0_2 7500 1 0.4808 1.00E-05 2.088E-06 2.98
Ge0_2_7500_0.5 0.2404 1.01E-05 2.092E-06 3.56
Ge0_2_7500_0.1 0.0481 1.01E-05 2.095E-06 4.02
Ge0_2 15000_1 0.4686 9.95E-06 2.064E-06 2.02
Ge0_2 15000 0.5 | 0.2343 1.00E-05 2.068E-06 2.59
Ge0_2 15000_0.1 | 0.0469 1.00E-05 2.071E-06 3.06
Ge0_2_30000_1 0.4703 9.65E-06 2.000E-06 1.05
Ge0_2 30000_0.5 | 0.2352 9.71E-06 2.002E-06 0.45
Ge0_2 30000_0.1 | 0.0470 9.75E-06 2.005E-06 0.00
Ge0_3 7500_1 0.5502 8.59E-06 1.773E-06 6.72
Ge0_3 7500_0.5 0.2751 8.63E-06 1.775E-06 7.28
Ge0_3 7500_0.1 0.0550 8.67E-06 1.777E-06 7.72
Ge0_3 15000_1 0.5442 8.53E-06 1.758E-06 5.97
Ge0_3 15000 0.5 |0.2721 8.57E-06 1.761E-06 6.53
Ge0_3 15000_0.1 | 0.0544 8.61E-06 1.763E-06 6.98
Ge0_3 30000_1 0.5393 7.97E-06 1.639E-06 0.96
Ge0_3 30000_0.5 | 0.2696 8.01E-06 1.642E-06 0.41
Ge0_3 30000_0.1 | 0.0539 8.05E-06 1.644E-06 0.00
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4.2.4. Fluxvs. Value Investigation

The thrombin generation equation (Eq. 3.62) incorporated into Fluent as a User-defined function (UDF).

The profile is simulated as either a value or a flux. This section describes an investigation into the

difference between two options and which option is selected for the model. Neeves et al. proposed that

thrombin should be generated at the injury zone as a flux [114]. However, the equation describing the

profile only supplies Fluent with the thrombin concentration value |TH| at any given time.

Geometry 1 was applied for this investigation with a parabolic velocity profile at the inlet and zero-

gauge pressure at the outlet. Thrombin was generated at the injury zone, and the simulation was run for
300 seconds. Point probes were placed at points 0.05, 0.06, 0.07, 0.08, 0.09, and 0.1 mm from the injury

wall to measure the concentration at those points. This is done to study how far into the vein the

thrombin diffuses and how much thrombin diffuse. The maximum thrombin concentration throughout

the geometry was monitored.
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Figure 4.5: Point probes thrombin concentration measurements different distances from the injury site for (a) value (b) flux

boundary conditions at thrombin inlet. (c) comparing maximum thrombin concentration in the vein between both boundary

conditions on a logarithmic scale
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The thrombin concentration reduces as the distance from the wall increases, as shown in Figure 4.5.
Figure 4.5 also shows that the isotropic diffusion of thrombin is not related to generating a flow method.
For both cases, thrombin diffused downwards by a similar trend. The significant difference between the
two cases was the concentration at which thrombin was generated. In the case of value, thrombin was
generated at the exact amount dictated by equation Eq. 3.63. However, Fluent generates the defined
amount of thrombin into the flow at every timestep when using flux. This difference was explained by
understanding that Fluent sets the concentration of thrombin on that surface as the defined value when
using the value method. It uses diffusivity to solve for how much and how far thrombin travels. However
when using flux, Fluent generates the defined amount of thrombin into the flow at every timestep.

Therefore, the concentration of thrombin varies for different timestep sizes.

Figure 4.5 shows the maximum concentration of thrombin in both cases on a logarithmic scale. The
maximum concentration when using flux boundary condition was about 700 times higher when
applying value boundary conditions. As recommended by Neeves et al. thrombin in this model was
introduced into the flow as a flux [114]. However, alterations were made to the generation profile
equation to reduce the amount of thrombin generated accordingly. Eq. 3.64 was adjusted to account for
the area and the change in time involved in convective flux. Eq.4.3 describes the updated equation:

t (—hx(i—TTP)xL)
—hX(=—=—-TTP —e 60 ETP
-9 ( (60 )) P <
1X107°X| hXPXe X—ETPXe Eq.4.3

TH| =
ITH| AREA X dt

Where AREA is the injury zone area which stays constant throughtout the simulation.
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4.2.5. Deep Vein Thrombosis Model Boundary Conditions
The model has four defined boundaries: inlet, outlet, thrombin inlet, and the vein wall. The boundary

conditions specify the flow and thermal variables on the boundary.

4.25.1. Wall Boundary Conditions
There were two wall boundaries in this model, namely the vein wall and the thrombin inlet (injury
zone). The walls are rigid, stationary, and no-slip shear conditions were enforced. A specified flux
condition is set at the thrombin inlet to represent the thrombin generation at the wall as a user-defined

scalar.

4.25.2. Velocity Inlet Boundary Conditions
The velocity inlet condition is used to define the flow velocity and the scalar flow properties at the vein
inlet. The total pressure (stagnation) is not fixed and rises to the value necessary to achieve the
prescribed velocity distribution. The parabolic velocity profile is specified to give the velocity
magnitude normal to the boundary. An absolute reference frame is used, and the initial gauge pressure
was constant at zero pascal. A specified zero thrombin flux condition is set at the inlet to ensure that

thrombin is only generated from the vein's injury zone.

4.25.3. Pressure Outlet Boundary Conditions
The pressure outlet boundary conditions are used to define the gauge (static) pressure at the vein’s
outlet. Gauge pressure was used because the flow was subsonic. The “backflow” condition is specified

for flow in the reverse direction at the pressure outlet during the simulation.

4.2.6. Numerical Solving Parameters
The two-dimensional model described in this chapter accounts for thrombin transport from the injury
site and relates this to the cells' permeability and porosity. The simulations conducted in this chapter
are derived from varying the velocity, vein diameter, and peak thrombin concentration. The effects of

these parameters on the size and shape of the clot formed are studied.

Blood is assigned a density of 1050 kg/m?® and a viscosity of 0.004 kg/ms. The flow is considered
laminar and incompressible. Thrombin is introduced into a flow as a scalar with a diffusivity of
6.79 X 1078 kg/ms. The clot formation in the model is achieved by decreasing the porosity after the
set threshold had been exceeded. The porosity is 1 when the threshold had not been exceeded and
changed to 0.75 when the clot is formed. Viscous resistance (inverse absolute permeability) also follows
a similar relationship. Its value changes from 1 x 10712 m~! when the clot is not formed to
1 x 1012 m~t when the clot forms. The PISO scheme is used to solve the pressure-velocity coupling
with skewness and neighbour correction factors of 1. Table 7 below indicates all the simulations are
done and the input parameters. With the notation G(1, 2, 3)_T(L, M, H)_V(L, M, H) indicating the
geometry(G) being 1, 2, or 3, thrombin concentration (T) and velocity (V) being low, middle, or high.

55



Table 7: Simulation names and the parameters used for each simulation carried out in this study. With the notation G(1, 2,
3)_T(L, M, H)_V(L, M, H) indicating the geometry(G) being 1, 2, or 3, thrombin concentration (T) and velocity (V) being low,

middle, or high
Name Diameter | Peak Thrombin | Peak Time Step
(mm) Concentration (nMol) | Velocity Size ()
(m/s)
G1_TL_VH 11.84 50 13.87 0.1
G1_TL_VM 11.84 50 12 0.1
G1_TL VL 11.84 50 9.8 0.1
G1_TM_VH 11.84 118 13.87 0.1
G1.TM_VM | 11.84 118 12 0.1
G1_TM_VL 11.84 118 9.8 0.1
G1_TH_VH 11.84 200 13.87 0.1
G1_TH_VM 11.84 200 12 0.1
G1_TH_VL 11.84 200 9.8 0.1
G2_TL_VH 11.2 50 13.87 0.5
G2_TL_VM 11.2 50 12 0.5
G2_TL_VL 11.2 50 9.8 0.5
G2_TM_VH 11.2 118 13.87 0.5
G2_TM_VM |11.2 118 12 0.5
G2_TM_VL 11.2 118 9.8 0.5
G2_TH_VH 11.2 200 13.87 0.5
G2_TH_VM 11.2 200 12 0.5
G2_TH_VL 11.2 200 9.8 0.5
G3_TL_VH 9.76 50 13.87 0.5
G3_TL_VM 9.76 50 12 0.5
G3_TL VL 9.76 50 9.8 0.5
G3_TM_VH 9.76 118 13.87 0.5
G3 TM_ VM |9.76 118 12 0.5
G3_TM_VL 9.76 118 9.8 0.5
G3_TH_VH 9.76 200 13.87 0.5
G3_TH_VM 9.76 200 12 0.5
G3_TH_VL 9.76 200 9.8 0.5
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4.2.7. Velocity Contour

Figure 4.6: Velocity contour at 250s

Asiillustrated in Figure 4.6, the fully formed parabolic velocity profile set at the inlet applies throughout
the vein’s length. A vertical line probe drawn at the centre of the injury site iS used to measure the
velocity and track the clot’s thickness. Figure 4.7 shows the velocity against the Y-axis plot at times 50,
100, and 250s. up to 50s, the clot has not been initiated; at 100s, the clot is growing, and at 250s, the
clot is fully grown. As illustrated, the clot obstructs blood flow close to the wall. The growth of the clot
was not significantly high to cause a significant change to the parabolic profile. Instead, it slightly shifts
the position of the peak velocity off-centre. Similar velocity contours were noticed in all the simulations

made, with the significant difference being the clot’s size.
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Figure 4.7:Velocity Distribution at the vertical probe in the centre of the injury site.
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4.2.8. Pressure Contour
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Figure 4.8: Pressure Contour at 50s.
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As illustrated in Figure 4.8, the pressure decreases linearly from 1.945 Pa at the inlet to zero at the

outlet. The formation of the clot barely affected the pressure distribution.

4.2.9. Thrombin Concentration Contour
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Figure 4.9: Thrombin concentration contour profile at 50, 150, 250, and 300s.

4.8488-00
42426-09

st

Cantour 1

9.697e-09
9.091e-09
8.485e-09

7.879¢-09
7.2736-09
§6676-08
§.0618-09 |
5.4556-09

4.848e-09 |
4242608 |
3636e-09

3.030e-08

2.424e-09 |
1.818e-09
1.212e-09
6.061e-10
0.000e+00

Figure 4.9 shows the thrombin concentration contour at different times in the simulation. Thrombin

close to the wall was transported away from the injury site slowly as the velocity in this area approached

Zero.
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4.2.10. Maximum Thrombin Concentration
The maximum thrombin concentration over the vein was also monitored. Figure 4.10 illustrates the
different peak thrombin concentrations for Geometry 1. A similar pattern is seen in Geometry 2 and 3.
Velocity change has little effect on the peak thrombin concentration; however, the rate at which the
thrombin concentration drops increased as the velocity increased. The peak thrombin concentration was
higher than the defined value due to clot growth during the thrombin generation. The clot obstructs
flow, trapping some thrombin and increasing thrombin concentration close to the wall. The effect of
geometry change on maximum thrombin concentration is illustrated in Figure 4.11. The change in

vein’s diameter does not affect the maximum thrombin concentration.
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Figure 4.10: Maximum thrombin concentration for cases with geometry 1. Note the overlay of graphs with the same thrombin

concentration.
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Figure 4.11: Comparison of maximum thrombin concentration between geo 1,2, and 3 at middle thrombin peak and velocity.
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4.2.11. Clotting Process
The parametric study was done by measuring the clot’s size formed in the different cases after 300
seconds when the clot is fully formed. The clotted area was described by a UDS that switches from zero
to 1 when the cell has clotted. Since the elements are not the same size due to the inflation layers
bounded by the vein walls, the clotted area was measured by finding the weighted average of the clot

over the total vein area.

4.2.11.1. Effects of Velocity Change on Clot Size
Figure 4.12 and
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Figure 4.13 illustrates the clot sizes with changing velocities. The clot size decreases as the velocity

increases. A 13.5% reduction in velocity led to a 2% increase in clot size, and a 30% decrease in velocity
gave a 4% increase in clot size. Clot formation initiated at 75.5s for all three cases, proving that the
velocity does not affect the clot initiation. The clots were fully formed at 155.3s for G1_TL_VH, 155.1s
for G1_TL VM, and 156s for G1_TL_VL.
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Figure 4.12: Graph comparing clot sizes in Geometry 1 at different velocities over 300s.
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Figure 4.13: Clot contour plot comparing cases with different velocities. A scalar is tracking the clotted area changes from
zero to one when the area has clotted.

4.2.11.2. Effects of Geometry Change on Clot Size
Figure 4.14 illustrates the changes to the clot size as the vein diameter changes. The larger the vein, the
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smaller the size of the clot. A 5.4% reduction in vein diameter led to a 3.3% increase in clot size, and
an 18% decrease in vein diameter gave a 4.7% increase in clot size. The vein diameter does not affect
the clot initiation time, with all three cases initiating clots at 75.5s. However, the clot becomes fully
formed earliest in the largest vein. Figure 4.15 shows the clot formed for the different geometries.
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Clot Size Comparison for Changing Geometries
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Figure 4.14: Graph comparing the size of the clot formed as geometry changes over 300s.
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Figure 4.15: Clot contour plot comparing cases with different vein diameter. A scalar tracking the clotted area changes from
zero to one when the area has clotted.

4.2.11.3.  Effects of Peak Thrombin Concentration on Clot Size
Figure 4.16 illustrates the comparison between the clot sizes of three thrombin concentration levels.
The case with the lower thrombin peak (G1_TL_VM) had an earlier clot initiation and reached its peak
earlier. The lower the thrombin concentration peak, the earlier the clot initiates. The thrombin
concentration peak seemed to have little effect on the propagation rate of the clot. Figure 4.17 shows
the clot contour at different times of the cases. A 68nM increase in thrombin peak concentration led to
an 11.5% increase in clot size, and a 150nM increase in thrombin peak concentration led to a 20%

increase in clot size.
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Clot Size Comparison for Geo_1, Peak Thrombin Concentration Changing
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Figure 4.16: Graph comparing the size of clot formed as peak thrombin concentration changes over 300s.
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Figure 4.17: Clot contour plot comparing cases with different thrombin concentrations. A scalar tracking the clotted area
changes from zero to one when the area has fully clotted.

4.2.12. Discussion

This study presents a model of clot growth in a two-dimensional geometry incorporating blood flow
with biochemical reactions. The model was used to study the difference between using the flux and
value boundary conditions to define thrombin's introduction into the flow. The model was also used to
study the effect of changing parameters like velocity, vein diameter, and peak thrombin concentration
on the clot’s size. The resultant clot sizes and shapes were compared to other clots developed in the
literature. There are not many fully thrombin-based reduced deep vein thrombosis models in the
literature. However, some coagulation models were found, and their methodology was applied in
developing this model. All the values used in this model were derived from literature. The thrombin
generation profile was used, and a thrombin concentration threshold of 1nM was used to determine
when the clot initiates [122].
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Before commencing the study, steady and transient state grid independence tests were performed on the
three geometries used. The geometries were grid independent at 30000 elements and a time step of 0.5s.

The parabolic velocity profile applied at the inlet continued throughout the length of the vein. The
velocity gets obstructed by the clot as it grows and slightly shifts the position of the parabola’s peak.
The pressure in the vein decreases linearly from the inlet to the outlet. As the clot propagates, the
pressure gradient contour's noticeable effect on the pressure can be seen. The thrombin diffusion was

isotropic and was influenced by the flow.

The thrombin boundary condition investigation focused on setting up point probes that measure the
concentration of thrombin at different distances away from the wall. The concentration of thrombin at
point 0.05mm away from the wall when using the flux boundary condition was about 700 times the
value when using the value. This is physiologically unrealistic. The thrombin generation function was
then altered to reduce the concentration to a more realistic value to be able to apply the flux boundary
condition as recommended by Neeves et al. [114]. As illustrated in Figure 4.5, thrombin in both value
and flux cases diffuses up to 0.11mm away from the wall. This indicates that the diffusivity is not

sensitive to the biochemical method of introduction into a flow.

An increase in the diameter resulted in a smaller sized clot, as illustrated in Figure 4.14. All three clots
are initiated simultaneously as the geometry does not affect the concentration at the clot’s core. The
manner in which clots propagate was similar for all three cases. As seen in Figure 4.15, the diameter
does affect the shape or length of the clot formed. In an idealised straight geometry, the effects of
changes in the geometry size on the clot’s initiation time are barely noticeable when compared to
geometries with complex flow patterns, which are known to favour thrombosis [123]. However, as clot
formation propagates, the clot forms a stenotic flow that causes a form of laminar jet action. This result
in the regions close to the clot surface experiencing low shear which leads to an increase in clot size, as
shown by Young et al. [124]. At constant velocity, the diameter determines how severe the jet action

is; this explains the decrease in clot size with an increase in vein diameter seen in the result.

The size of the clot decreases as the velocity increases, as shown in Figure 4.12. The effect of the
velocity on clot propagation depends on the rate at which thrombin is being transported away from the
injury site off. The blood velocity might also be a key factor in how far from the inlet the clot will grow,
as illustrated in Figure 4.13. Keeping the vein diameter constant and increasing the velocity also
similarly affect the propagation of the clot as changing the diameter. The jet action is formed, and the
clot increase in size. Although, in this case, there is an increase in shear on the surface of the clot to

reduce the amount of thrombin that diffuses further, hence reducing the size of the clot [125].

The initiation of clot growth occurred earlier in the case with the lower thrombin concentration peak.
This was expected as the thrombin generation curves show that keeping ETP constant and decrease the

peak value, increases the thrombin generation time. The clot size increases as the peak thrombin
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concentration increases, as illustrated in Figure 4.16. This concurs with work done by Wolberg et al.
The group proved that high thrombin concentration produces larger, dense networks of branched fibrin
fibres. However, the clot produced is susceptible to lysis [125], [126]. Although the model developed
in this work does not give any information on the fibrin network, it successfully predicts the clot sizes
based on the thrombin concentration. In all the cases, the clot fully covers the injury site within the first
300s.

The limitation of the model developed is the simplification of the processes involved with clot
formation. The complex biochemical reactions involved in clot formation were reduced to the thrombin
concentration, the pulsatile blood flow was reduced to a steady parabolic flow, and the clot was reduced
to a lower porosity zone. These simplifications will slightly vary the clot produced by the model. The
amount of variation caused by the simplification can be studied using more complicated models in the
future. This will help understand the quantitative effects of these simplifications.

Further development on the parametric studies performed will be to study the effect of these parameters
on the clot formed using a wider range of values. A pulsatile velocity at the inlet could also be

implemented, and this would allow studying the clot formed under the varying velocity.
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5. DEVELOPMENT OF DEEP VEIN THROMBOSIS IN A
THREE-DIMENSIONAL PATIENT-SPECIFIC GEOMETRY.

Creating patient-specific models has proven to be an important development for CFD, based on medical
imaging. Dedicated diagnosis and treatments for an individual patient are enabled. The chapter
improves on the model developed in the previous chapter and presents the developmental processes for
a three-dimensional patient-specific deep vein thrombosis model. The model is then used to study the
clot initiation and propagation under physical and biochemical factors.

5.1. Overview

The coagulation cascade is complex, containing about 30 different species interacting with one another.
Attempts have been made to model the complete mechanism with all the known reactions leading to
clot formation in order to study the initiation and propagation of a clot [127]. It was discovered that
thrombin plays a crucial role in the process [128], [129]. Virchow’s triad described in the literature
review proposed that for clot formation to occur, there must be at least one or a combination of stasis
in the vessel, hypercoagulability, and injury to the vessel wall. The formation of thrombus is mainly
reliant on two mutually linked processes; platelet interaction and the activation of the coagulation
pathways[127].

After damage to the vessel wall, the platelet adheres to the vascular lesion, forming a cellular layer.
Morphological changes occur in the platelets and stick together and form cell aggregates. Models were
developed to describe the intrinsic, extrinsic and common pathways of the coagulation cascade [67],
[75], [110]. These models were then simplified into three major stages by Wu et al, [130]. Prothrombin
is created in response to the damage of the vessel wall, prothrombin is then activated and converted to
thrombin, finally, thrombin reacts with fibrinogen to form fibrin. The polymerised fibrin traps the

platelets and form a clot over the wound site.

The valves in the deep veins play an important role in the clot formation process. A dislodged embolus
can get trapped between the values and obstruct blood flow in the vessel. The opening and closing of
the values make the area around the valve sinus susceptible to clot formation as there is bound to be
stasis it the area. Ibrahim et al. developed a model of DVT caused by valve malfunctions in the popliteal
vein. The valve opening was varied, and the size of the static zone and vorticity was investigated [97].
Bends and curves present in complex geometries can also cause stasis in some area, supporting clot
initiation[93]. Brass et al, claimed that the main factors affecting the clot initiation are the flow

parameters such as velocity, wall shear rate and wall shear stress, in addition to the blood biochemistry.

A different thrombosis model was developed by Xu et al to study thromboembolism. A two-
dimensional model similar to that developed in the previous chapter was applied. The clot stability was

investigated under different flow conditions. The clot was modelled to be in two sections, the more
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dense core and the less dense shell [99]. Most DVT models in literature focus solely on the flow and
stasis in the vein. Fortuny et al developed DVT model in a patient-specific vein geometry, with a fully
developed clot. The model was used to study the effect of the clot on the wall shear stress and how the
wall shear stress responds to anticoagulants [100]. Few patient-specific models take the blood

biochemistry as well as the flow and valve action into account.

Considering all the flow and biochemical factors involved in clot formation is complicated when
developing a DVT model. The conditions that are likely to lead to realistic platelet response such as the
chemical reactions in the coagulation cascade are focused on. The model described in this chapter
describes the development of a three-dimensional DVT model. The model will be an improvement to
the model developed in the previous chapter. The model account for steady and pulsatile blood flow in
the vein, biochemical reactions between thrombin and fibrinogen involved in the formation of fibrin,
porosity effect of a clot, and the valve activities. The formation is fibrin mesh is modelled based on the
coagulation cascade simplification done by Wu et al, [130]. The clot core and shell are also modelled
to simulate the possibility of embolism.

The final aim of the project is to develop a realistic model which is applied in a patient-specific
geometry. The model is applied on a patient-specific geometry and the clot formed is compared to the

clot formed in a physiological condition. All the data used in this study were derived from literature.

5.2. ldealized 3-Dimensional Geometry Model Development

The modelling process used in this study is the same as that used in the previous chapter. The image

and data acquisition was the same for velocity, pressure, vein geometry and thrombin concentration.

5.2.1. Vein Geometry
The complex geometry of the vein derived from literature was simplified into a cylinder shown in Figure
5.1(a). The length of the idealised vein was determined by taking the average distance between two
venous valves. The geometry provides a model that can be used to predict clot initiation and
propagation. The parameters used in the idealised geometry are then translated into a patient-specific
geometry which is presented later in this study. Flow enters at the inlet; thrombin is generated at the
injury zone and blood exits at the outlet. Two geometries are initially used with the injury zone covering
30% of the circumference in the first and 100% in the second. The injury zone is 50% of the length of
the vein in both cases. The diameter and length of the vein, 9.76mm and 60mm respectively were

derived from the previous chapter.
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Figure 5.1: Three-dimensional geometry with injury zone covering (a)30% (b) 100% of the circumference. (c) Contour

showing clot formed on the x-z and y-z plane.

A basic investigation of the injury zone was carried out to verify the initial assumption made in the
previous chapter that what happens on the midplane is the same across the circumference. The model
developed in the previous chapter was applied to the two three-dimensional geometries developed
shown in Figure 5.1 (a) and (b). Figure 5.1 (c) shows that the clot formed on any midplane of the vein
is the same. To reduce the computational expense and complexity of the model, the 30% injury zone
geometry (Figure 5.1 (a)) is used for this study.
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5.2.2. Mesh Independence Test

A mesh independence study was conducted on the geometry. The blood flow and thrombin

concentration were monitored. The velocity at the outlet was studied as in the previous chapter to ensure

that the flow was grid independent. The thrombin concentration at point probes away from the injury

site was determined and compared to ensure mesh independence of the biochemical species. Three mesh

refinements were used, with 250000, 5000000 and 1000000 elements. Twenty inflation layers were

applied to make the cell size around the wall less than those close to the vein centre for increases

accuracy of biochemical transport in that area.

Table 8: Grid independence test result for steady and transient state.

Steady State Mesh Independence Result
No of Element Average Outlet Maximum % Error Compared to
Elements | Size (mm) | Velocity (m/s) | Velocity (m/s) Next Finer Mesh
Mesh 1 250,000 0.7 0.0907 0.1340 1.68
Mesh 2 | 500,000 0.52 0.0914 0.1363 0.23
Mesh 3 | 1,000,000 0.404 0.0916 0.1366 0
Mesh 4 | 1,500,000 0.3 - - -
Transient State Mesh Independence Result
Courant | Corresponding Peak Thrombin Average Thrombin %
Number | Time step size (s) | Concentration (nMol) | Concentration (nMol) | Error
Mesh 1 >1 0.0005 51.4 10.9 121
Mesh 2 >1 0.0003 65.4 124 40.0
Mesh 3 >1 0.00025 108.5 20.7 1
Mesh 4 >1 0.00025 109.0 20.9 -
Steady-State Grid Independence Test 1eIhrombin Concentration at 0.02mm from injury site
014 — 025 — 0.25M
05M 10 0.5M

Velacity Magnitude {mJs)
o) [ = =) — -
(%] = [=2] [==] (=] (o]

=
=
=

1M

Thrombin Concentration (mal)

-0.004

-0.002

0.000 0.002 0.004

Y-axis

M
— 1iM

150 200 250

Time (s)

100

300

Figure 5.2: (a) Parabolic velocities at the outlet for different mesh sizes. (b)Thrombin concentration at point probe 0.02mm

away from the injury site for the different mesh sizes.

69



Applying a 1% error limit, Table 8 and Figure 5.2 shows that the flow becomes grid independent at
500000 elements, and the biochemical transport is grid independent at 1,000,000 elements. These values
are used for the rest of the simulations in this chapter.

5.2.3. Biochemistry Setup

Chapter 4 discussed that it is computationally expensive to account for all the reactions pathways
involved in coagulation. When necessary, simplicity is key when developing a patient-specific model
as it is easier to match biochemical profiles for fewer number of parameters on a per patient basis. The
model considers the reaction between thrombin and fibrinogen, forming fibrin. Thrombin is generated
at the injury site as a flux and fibrinogen is present in the blood flowing in from the geometry’s inlet.
The concentration of fibrin increases to a threshold value of 1000 nMol where the clot begins to form
[94]. The density of the clot formed is based on the concentration of fibrin. This allows the distinction
between the clot core and shell. The reaction was described using the Michaelis-Menten equation.

Thrombin(Ila) + Fibrinogen (I) = Fibrin (Ia) Eq.5.1
dlla] _ keaclllalll] cq.52
dt K + (1]

Where k., is the catalytic rate constant and, K,,, is the Michaelis constant.

Table 9 below describes the values of the properties of the biochemical species and reaction parameters
involved in clot formation in this model. A positive source term describes the formation of fibrin, and
a negative source term describes the sink or consumption of fibrinogen. To ensure that fibrin formation
does not exceed physiological values, the fibrin concentration is limited to a maximum value of
10000nMol and the fibrinogen concentration to a minimum value of 0.1 nMol. Refer to the Appendix

for UDFs used to describe the biochemical reactions.

Table 9: Biochemical properties and values used for the reaction kinetics [94].

Biochemical properties

Biochemicals Initial Value Diffusion Coefficient
(nMol) 107 (cm?/s)
Thrombin (11a) 0 6.47
Fibrinogen (1) 7000 3.10
Fibrin (la) 0 247
Reaction Kinetics parameters

Parameter Values Unit
Keat 3540 min-
Km 3160 nMol
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5.2.4. Pulsatile Velocity
To orient the model towards patient-specificity, physiological pulsatile flow is implemented at the inlet.
To enable accurate prediction of clot formation, the blood velocity in the target vessel of the patient is
obtained. For the development of the model, cases, where measurements of the venous velocity are
measure, were examined. To account for pulsatile flow in this model, a venous doppler sonography of
the lower extremities was performed on a healthy 27-year-old woman by Selis and Kadakia [131]. It is
understood that there is high variability in the appearance of the normal venous waveform between
patients. This is due to differences in rate and depth of respiration, right heart function, intravascular
volume and valve activities [131]. There are cases wherein the waveform lacked pulsatility and further

evaluation was done by performing additional imaging for compression or obstruction.

The sonography, shown in Figure 5.3 depicts the pulsatile blood flow in the right central femoral vein
(CFV). The plateau of the profile during each cycle indicates the activity of the venous valves.

Figure 5.3: Venous waveform obtained from a healthy 27-year-old woman showing cardiac pulsatility and valve activity in
the right CFV.

The velocity profile required digitizing to allow a generated plot to be applied at the inlet. The digitized
profile provides the velocity at any time t. The velocity profile in Figure 5.3 was exported as a .jpeg file
to an open-source plot digitizer package [132]. To digitize the data, the axis was set and the maximum
values for time and velocity were determined. Points were placed on the velocity line as shown in Figure
5.3. The plot digitizer gives the coordinates of these points (time, velocity) in a .csv format based on

their position relative to the set axis.
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Figure 5.4: Digitization of velocity data from sonography. Red dots manually placed and generated .csv file used to create

plot on right.

An equation representing the plot in Figure 5.4 was then generated in Microsoft Excel using the curve

fitting method. A Fourier transform fit was chosen and the least-squares method was applied. The sum

of the least-squares of a Fourier transform was reduced to the minimum by varying the amplitude, phase

and frequency. The generate Fourier transform is represented by Eq. and illustrated in Figure 5.5. There

was a 1.1% average error between the digitized and Fourier transform velocity.

vp(t) = 0.083sin(7.8t + 5.3) + 0.022 sin(15.6t + 5.8) + 0.01 sin(7.8¢ + 5.33) + 0.2
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Figure 5.5: Comparing the generated Fourier Transform to the digitized velocity plot.

To achieve fully developed parabolic flow, Eg. 5.3. produced the value used for the peak velocity values

at any time t. Figure 5.6 shows the plot of the velocity profile at the vein inlet for one heartbeat cycle

and Figure 5.7 shows the velocity contour as time changes during the cycle. Note the reversed flow at

times 0.0s, 0.7s, and 0.8s as a result of the venous valve activity and gravity.
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Figure 5.6: Pulsatile velocity profile for a single heartbeat.
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Figure 5.7:Velocity vector at the inlet at different times for one heartbeat cycle.

73



5.2.5. Valve Activity
The valve activity in the veins plays a crucial part in clot formation. The movement of valves creates
distortions and stagnation zones in flow. For accurate prediction of clot formation, the effects of venous
valves need to be included in the model. There are different approaches to modelling valves found in
literature, as discussed in the literature review chapter. This model applies a variation of the model
presented by Hajati et al, [105] which was based on a Doppler Ultrasound image of a 35-year-old person
in a supine position. The model was developed to validate the flow velocity between the valve leaflets
of the femoral vein. The vein walls are considered as a linear elastic material and the leaflet as a
hyperelastic material. The inlet velocity was set as a sine function as a result of the opening and closing

of the series of valves in the vein.

The model presented in this work does not consider the fluid-structure-interaction (FSI) between the
valve wall and blood. The pulsatile velocity derived above is broken down into different stages of the
valve activity as shown in Figure 5.8. For the model, the valve activity was achieved by varying the
inlet diameter and hence the flow area. The flow area was directly proportional to the velocity
magnitude. Where the maximum area is equivalent to the peak velocity. Figure 5.9 shows the
comparison between the inlet radius and velocity magnitude at the vein inlet for a single heartbeat cycle.
An interesting occurrence to notice in this proposed valve representation is that the valve leaflet open
and closes two time in one heartbeat. This is as to the patient’s valve malfunction, allowing blood flow

in the reverse direction once every cycle.

Single Cycle of Pulsatile Velocity Profile
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Figure 5.8: Time relation between pulsatile blood flow and valve cycle.
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Single Cycle of Pulsatile Velocity Profile
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Figure 5.10: Vein velocity contours and vectors through one heartbeat cycle.

Figure 5.10 shows the velocity contour and vector at inlet through one heartbeat cycle. The flow area

at the inlet changes and note reversed flow at times 0.7 and 0.8s.

5.2.6. Numerical Solving Parameters
To examine the initiation and propagation of the clot using the model, various stages of model
development were studied. Table 10 below indicates these stages and the simulations carried out in this

work.

Table 11: Simulations carried out to study the clot initiation and propagation as the complexity of the model increases.

Name Flow Properties Biochemical properties
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Model 1 Parabolic blood flow

Clot Formation (Using Thrombin Concentration only)

Model 2 Pulsatile Parabolic blood flow

Clot Formation (Using Thrombin Concentration only)

Model_3 Parabolic Pulsatile blood flow

Valve activities

Clot Formation (Using Thrombin Concentration only)

Model 4 Parabolic blood flow

Clot Formation (Fibrin formation from thrombin and

fibrinogen)

Model 5 Parabolic Pulsatile blood flow

Clot Formation (Fibrin formation from thrombin and
fibrinogen)

Model_6 Parabolic Pulsatile blood flow
Valve activities

Clot Formation (Fibrin formation from thrombin and
fibrinogen)

Model 7 Parabolic Pulsatile blood flow

Clot Formation (Fibrin formation from thrombin and

Valve activities fibrinogen)

Patient-Specific Geometry

5.3. ldealized 3-Dimensional Geometry Models Results
The results presented in this chapter illustrate clot formation in an idealized 3-D femoral vein model
considering the flow and biochemical factors. The chapter explores clot formation with the increasing
complexity of the model. Using Model_1, the properties that are similar in the initialization and
propagation of clot in all the models are initially discussed. The differences in initialization and
propagation are then discussed. The simulations were are designed to operate until the clots are fully
developed. The results are discussed quantitatively in the terms of the size of the clots formed and

gualitatively in terms of the shape and nature of the clot formed.

5.3.1. Pre-Clot Formation
For all models, the velocity and pressure in the vein pre-clot formation remained as set. Parabolic steady
or pulsatile velocity was maintained in the vein and the pressure reduced from inlet to OPa at the outlet
as shown in Figure 5.11(a) and (b). For the models with pulsatile velocity, a more complicated pressure
pattern is noticed where the pressure rises and falls to correspond with the inlet velocity. Thrombin
concentration is a major factor in clot formation. In conjunction with flow washing thrombin off, the
low diffusivity value of thrombin prevents it from flowing downstream. Figure 5.11(c) indicates how
far away from the wall thrombin diffused and Figure 5.11(d) shows the area of the vein with thrombin
present at t = 70s. Little thrombin gets carried towards the outlet. This did not change in cases with
pulsatile velocity. The strain rate was maximum at the walls and minimum at the centre of the vein. At
this stage, the strain rate value follows a similar pattern as the velocity, the value remains constant for

steady flow and varying accordingly with the corresponding velocity for pulsatile flow.
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Figure 5.11: Contours of (a) Velocity (b) Pressure (c) Thrombin showing effects of low diffusivity (d) Thrombin showing the
effect of flow on thrombin concentration at 75 secs.

Models_1,2,3 and Models_4,5,6 are compared with each other. Figure 5.12 illustrates the maximum
strain rate value in the vein before the clot forms. Model_1 has a spike in strain rate at the start of the
simulation, due to fluid entering the geometry. This spike immediately levels out in the next three
timesteps to become stable at 132 s*. As explained previously, the maximum strain rate value in
Model_2 and Model_3 is pulsatile, however, the value was much higher in Model_3. This is due to the

value activity changing the velocity magnitude and the radius of flow simultaneously.
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Figure 5.12: Maximum strain rate value for the first 5s.
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5.3.2. Clot Initiation and Propagation
For clot to initiate, a threshold thrombin concentration and strain rate magnitude is applied. Clot
formation initiates when thrombin concentration exceeds 10 nMol and the strain rate is below 132 s
[122], [133]. For all cases, the clot initiation disrupts the velocity field by reducing the velocity in the
clotted area, causing reduction in strain rate in the clotted area and an increase on the surface of the clot.
The clot begins to form around the end of the injury zone towards the outlet where the concentration is
highest and propagates towards to inlet over time. The initiation times and manner of propagation varies

between models.

Figure 5.13 illustrates the effects of improving the complexity of the model on the initiation and
propagation of clot. It is important to note that all models were simulated in the same geometry and the
same meshing method and element size were applied as per the grid independence study. Model_1 is
the first and simplest model developed. The model considers clot formation under a steady parabolic
flow. Clot initiation occurs at a threshold thrombin concentration and strain rate. Model_1 first produced
clotatt=89.1s. The clot then propagates at a steady rate until t = 143.16s, where the rate of propagation
begins to slow down. This also coincides with the thrombin peak time or time to peak (TTP). The

propagation continues until the clot reaches its peak at t = 180.32s.

Model_2 advanced on the flow properties of the previous model by applying pulsatile parabolic flow at
the inlet. Clot initiated at t = 88.76s. An erratic clot propagation was noticed in these models where the
propagation rate goes through a rise and fall cycle such that a fall takes the same amount of time as the
preceding rise. This pattern continues until t = 147.65s when the rate continues to fall until the clot
reaches its peak size at t = 231s. Model_3 also has a pulsatile velocity inlet; however, the flow is made
to simulate the valve activity. Clot initiated at t = 88.8s and the erratic clot propagation noticed in
Model_2 was also noticed. This pattern continues until t = 154.04s where the rate continues to fall until
the clot reaches its peak size at t = 235s.
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Figure 5.13: Comparison of the percentage of total volume covered by the clots in Model_1,2 and 3.
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Thrombin concentration being the clot formation major factor in these models needs to be studied. The
set peak thrombin concentration was 200nMol. Figure 5.14 illustrates the maximum thrombin
concentration in the veins as time changes. Model_2 had a peak value of 220.76nMol at t = 145.1s and
Model_3 followed the same trend with a peak value of 222.84nMol at t = 144.7s. Model_1 had peak
value (220.3nMol) at t = 143.16s.
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Figure 5.14: Comparison of maximum thrombin concentration in the vein. Model_1 ends at t = 300s to reduce
computational cost as the clot is fully formed at this point.

Figure 5.15 illustrates the maximum strain rate in the vein during clot initiation. Strain rate in Model_1
gradually increases as the clot head grows towards the inlet. The value reaches a peak value of 142.7 s
! and remains constant for the rest of the simulation. Model_2 also experienced an increase in maximum

strain rate after clot initiated, however, no significant increase was noticed in Model_3.

The sizes of the clots formed are illustrated in Figure 5.13. Model_1 had the largest clot, with the clot
volume covering 0.364% of the total vein volume. Figure 5.16 and Figure 5.17 shows the changes in
clot size in Model_1, from clot initiation to when the clot is fully developed. Clots in Model_2 and
Model_3 covered 0.325% and 0.290% of the total volume respectively. Model _1 forms a smooth-
surfaced clot with a higher clot depth closer to the outlet. Clots formed in Model_2 and Model_3 have
rough surfaces and the clot depth is almost even throughout the injury zone. Also, the clot in Model_1
did not propagate past the injury zone towards the inlet; However, such occurrence was noticed in
Model_2 and Model_3.
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Maximmum Strain Rate Value During Clot Initiation
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Figure 5.15: Maximum strain rate value before and after clot initiation.
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Figure 5.16:Outline of Vein showing planes and lines used for results analysis.
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Figure 5.17: lllustration of how clot propagated in Model_1, showing clot on Midplane and cross-sectional plane.
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Figure 5.18: Comparing final clots formed in Models.

Clot formation in Models_4,5,6 was initiated when fibrin concentration reaches a threshold value.
Model_4 was applied to show the changes in the biochemical species under steady flow. Figure 5.19
illustrates the changes in thrombin, fibrinogen and fibrin in Model_4 over time. A similar pattern can
be identified in Model_5 and Model_6. However, due to the pulsatile nature of flow in these models,

the concentrations were also pulsatile.

Thrombin concentration indicates that thrombin generation followed the defined profile and peaked at
198.8 nMol. However, thrombin consumption is slower than the defined rate. Fibrinogen concentration
stayed constant until thrombin generation began. It then began to drop steadily by the same amount as
fibrin increase. Figure 5.19(d) shows the maximum fibrin concentration in the vein over time. The value
initially increases rapidly and later slows down until it reaches a peak value where it stays constant.
Figure 5.20 below compares the clot volumes over time between Model_3 and 4. The clots formed in
Models_4,5, and 6 are significantly larger than those in Models_1,2, and 3. Figure illustrates the clot

volume comparison between Models_4,5, and 6.

Clot initiation in Model_5 occurred at t = 86.2 s and the peak volume of 2.41% was reached at t =
705.7s. Clot in Model_6 initiated at t = 87.1s and the peak volume of 1.74% was reached at t = 603.9s.
In Model_4, Clot initiation occur at t = 86.02s. As shown in Figure 5.20: Comparison of the percentage

of total volume covered by the clots in Model_4,5 and 6. Figure 5.20, the clot in Model_1 continues to
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propagate at time t = 1000s. At this stage, the simulation was terminated and deemed to be too
computationally expensive to predict the time that the clot reaches its peak size, since as the clot
propagation rate was not reducing. At t = 1000s the clot has covered 1.42% of the vein in Model_1.
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Figure 5.19:(a) Maximum thrombin concentration (b) Average fibrinogen concentration (c) Average Fibrin concentration
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Figure 5.20: Comparison of the percentage of total volume covered by the clots in Model_4,5 and 6.
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5.4. Experiment Clot Growth Validation
After developing the model, the results are validated by an experimental clot growth study. The study
is aimed towards growing a clot in an experimental environment replicating the parameters from the
computational model. This study follows the approach used by Ngoepe et al in their attempt to
determine conditions under which fibrin formation occur under flow [134]. The membrane-based
microfluidic technique used in their model was upscaled and manipulated to allow for easy

visualization.

5.4.1. Specific Parameters for This Study
The aim is to grow a clot under similar conditions used in the computational model and compare the
clots formed in both cases. To begin the experiment, physical parameters are determined. The Reynolds
number from the computational model is matched with that of the experiment, as shown in Table 12.
Steady blood flow is applied at the inlet and atmospheric pressure is applied at the pressure outlet.
Thrombin was introduced into the flow as a liquid as opposed to the thrombin flux used in the
computational model. A different computational simulation is performed in order to account for this.
This simulation will have the same physical and biochemical properties as the experiment. However,

the clot formation process from the model is implemented.

Table 12: Parameter values used in the computational model and experimental study.

Parameters Computational Model Values | Experimental Values
Vein Diameter (mm) 10 10

Density (kg/m®) 1050 1000

Viscosity (Pa.s) 0.004 0.001

Reynolds Number 364 364

Inlet Velocity (m/s) 0.1388 0.036

Flow rate (mL/min) - 171

After diluting the fibrinogen and thrombin, the concentration used in the experiment is known, however
this need to be translated to the computational model. Thrombin at concentration 100 mg/L is introduced
into flow at 0.1mL/min and fibrinogen at concentration 100mg/L flows through the inlet at 171mL/min.
The clot growth in the experiment occurs over 25s. At this flow rate, thrombin of constant concentration

120nMol is injected into flow and the concentration of fibrinogen is approximately 200nMol.

Geometry

A cylindrical PVC pipe was used as the geometry of interest, replicating the idealised computational
model. A hole was drilled in the centre of the pipe for thrombin to be injected into flow. This geometry

was developed computationally illustrated in Figure 5.21.

85



Mesh

A grid independence study was not performed on this geometry, however, to ensure the results are
accurate, the mesh was made as fine as possible consisting of 500000 elements. the element size was

0.5mm and 10 inflation layers were employed at the vein walls.
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Figure 5.21: Experimental clot growth study simulation geometry
Setup

The overall setup of the simulation used is identical to that of the model developed in the idealised
geometry. A few changes were made to account for the variations in physical properties. One of which
is using a constant thrombin inflow instead of the generation profile used in the previous chapters. The
porosity and permeability values used to represent the clotted region stayed the same. Fibrinogen enters
through the inlet at velocity 0.036 m/s and zero-gauge pressure was applied at the outlet. PISO solver
scheme was used to properly account for the porous media. The simulation is 30s long. The first 5
seconds allow for the flow to become stable and then thrombin is introduced into flow for the remaining
25s. A time step size of 0.01s is used. The results after 30s are viewed mainly using a plane in the centre

of the vein along the length.

5.4.2. Experimental Validation Results
The experimental clot growth study does not give any quantitative result. The only result that can be
derived from the study is the size and shape of the clot formed. Studying the clot propagation
experimentally was not possible as the reacting components are transparent, and the fibrin fibres were
therefore not visible. Hence the clot formed after 30s shown in Figure 5.22 was studied. Figure 5.23
shows the clot formed in the simulation and demonstrates are similarities in the shape and size of the
clots formed between the experiment and the simulation results. The only deviation between the results

is that the clot head in the simulation propagates towards the outlet more.
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Figure 5.22: Clot formed in experimental study after 30s.

Figure 5.23: Clot formed by simulation after 30s.

5.5. Patient-Specific Geometry Design
In developing a patient-specific model, geometry segmentation and reconstruction are important. For
this model, the geometry was derived from the CT scan of a 40 years-old male patient. The CT scan
images were downloaded from Radiopedia.org, an open-source library for radiological related articles
and cases. The patient involved recently underwent arthroscopic surgery and the CT scan was done to
rule out pulmonary embolism. the CT images showed a large DVT present in the patient’s left lower

limb.

To develop a 3D geometry from CT images, the images must undergo segmentation. SYNOPSYS
Simpleware Software was used for the segmentation of the region of interest. The software accurately
process images, allows measurements to be taken and high-quality models can be generated. To prepare
the images for segmentation, the images are resized. As the slices are not of the same pixel size. In these
cases, Grzegorz’s Simple Image Resizer 2012 package was used. The images are set to the default 630
X 627 pixels which is common in most of the images. To make segmentation easier and less complex
for Simpleware, the images were converted from the 3D image with pixel value (R, B, G) into a
grayscale image.

The greyscale .jpeg images were then imported into Simpleware. The spacing between each slice was
manually defined as 5mm. Since this information was not provided with the CT scan, the chest to knee
measurement of an average 40 years-old man is used. Simpleware processed the images and produced
a 3-D body shown in Figure 5.24. Images of slices in planes x-z and y-z were also generated. On the
images, the common femoral vein (CFV) is identified shown in Figure 5.25. Simpleware’s “Threshold”
method is used to differentiate and define the location of the CFV on each slice. As a result of image
noise in some slices, the applied threshold value of 200 did not accurately account for the CFV. Manual
segmentation, although highly subjective is hence applied in these slices. Knowing the clot is only
present in the left limb, the CFV of the right limb was developed using the same methods to serve as

the control.

87



SYNoPsys

+Z

Figure 5.24: 3-D body generated by Simpleware from the 136 CT scan slices. Showing muscles and inner vessels.

Quality: 10

Figure 5.25: Image slices in planes x-y, x-z and y-z generated by Simpleware. CFV identified shown on each plane at the
point of intersection of lines on the planes. Note the difference in pixelation, threshold value at these points is used on all
slices to define the CFV.
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Figure 5.26: Image slices in planes x-y, x-z and y-z generated by Simpleware with CFV defined and generated.
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For analysis, the clot was also developed using the threshold method. Figure 5.27 and Figure 5.28 shows
the right and left CFV on the x-y plane and the clot present in the left CFV. On vein and clot surfaces,
a Fourier smoothing function of order 10 was applied to eliminate the ragged finish generated as a result

of the high segmentation spacing. The final geometries developed is shown in Figure 5.29.

Left CFV — - Right CFV

Clot in CFV

Figure 5.27: Showing the right (red) and left (yellow) CFV on the x-y plane. Also, clot formed (blue) in the left CFV is
shown.

g DN

Figure 5.28: Showing the 3-D left and right CFV with the location and size of clot formed in the left CFV.

Outlet

l

Inlet

Figure 5.29: Segmented right and left CFV model after smoothening
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5.6. Patient-Specific Geometry Results

According to Virchow’s triad, the three factors that lead to clot initiation include hypercoagulability,
Stagnation and injury to the vessel wall. In the patient-specific case studied in this work, there is no
available information regarding the biochemical species in the blood. Also, no injury is identifiable on
the vein wall. The evaluation performed in this section is purely qualitative and assumption are made
in order to have the most physiological results. To begin the evaluation, clot initiation was determined
by the blood flow pattern in the geometry. Areas with low velocity, stagnation or recirculation were
studied.

5.6.1. Steady-State Simulation
A steady-state simulation is carried out on the left common femoral vein. based on the grid
independence study in the idealised geometry, and the similarity of sizes, a grid of one million elements
is used, which is one refinement level higher than the idealised geometry. Blood with density 1050
kg/m? and viscosity 4 x 1073 kg/ms enters the geometry through the inlet shown in Figure 5.29. To
attain physiological conditions, a steady flow of velocity 0.1388 m/s was applied at the inlet and zero
pressure at the outlet [51]. The wall is rigid, and a no-slip condition was applied. The same solvers and

methods used in the idealised model were used in this model.

Due to the complex nature of the geometry, multiple planes were needed to visualize the flow in the
vein. Figure 5.30 showing the velocity streamline from the steady-state simulation was used to
determine the “areas of interest”. These are zones where the flow has an unusual pattern, relatively low

velocity, recirculation or stagnation.
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Figure 5.31: Velocity contours at planes of interest.




A study was performed evaluating the velocity contours at each of the planes. As expected, the peak
velocity value on each plane was inversely proportional to the area of the plane shown in Figure 5.31.
The pattern of flow and the position of the peak velocity on the planes were investigated. Planes 4 and
6 showed low velocity in a large area closest to the wall relative to other planes and clot initiation is
predicted to occur in these areas. Figure 5.32 indicate the areas with low velocity, stagnation and
recirculation on planes 4 and 6. Attention is paid to these areas in order to determine the initiation zone

to be used in the transient simulation.

The other factor used to determine area, where the clot initiates, is strain rate. Ouared et al. proposed
that platelet activation and fibrin formation will likely occur when the strain rate is below a threshold
value of 100s [135]. This threshold value is used to plot the strain rate contours in Figure 5.32 and
Figure 5.33 where the colour legend is peaked at 100s, where areas with a strain rate higher than this
threshold are depicted as red. The strain rate contour indicates the prediction that clot will initiate in
areas around plane 4 and plane 6 is accurate. Plane 4 shows a large area on the wall with a strain rate
close to zero and has a relatively large area with a strain rate above the threshold. On Plane 6, the strain
rate is below the threshold in a large percentage of the area. There are also areas close to the vein wall

with almost zero strain rates. These areas are chosen as the initiation zone for clot.

Plane 4 ;
Stagnation
Recirculation - - :
\ '-7:,1 = e
Plane 6 Recirculation etaghation
Recirculation

— — - — — 0.025 0.075

Figure 5.32: Right: Velocity vectors and local contours on plane 4 and 6, showing areas with stagnation and recirculation.
Left: strain rate contour showing areas on the wall with strain rate less than the threshold 100s. These are areas where clot
is likely to initiate.
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Figure 5.33: Strain rate contours on the planes of interest.



5.6.2. Transient-State Simulation
To reduce computational expense and to increase the accuracy of the results, the geometry was sliced
to focus on the area around the clotted region, shown in Figure 5.35. After determining the areas that
are likely to support clot initiation and propagation in the vein geometry, the model is applied to the
geometry. This ensures that a more stable blood flow is attained at the injury site. To achieve this, the
injury zone where thrombin is introduced into flow is designated. Figure 5.34 shows the selected injury
zone for this transient simulation. This decision was supported by the location of the clot formed in the
patient from the CT scan as shown in Figure 5.34. This was done to allow for comparison between the

in silico and the in vivo clot.

Figure 5.34: Illustration showing the size and location of clot formed in vivo (Left) and position of injury zone used for
simulations (Right).

Fibrinogen of concentration 7000 nMol was introduced with blood at the inlet. It is understood that the
in vivo clot formed under physiological conditions over an unknown period. Also, the shape and size of
this clot have been under the influence of factors that are not accounted for by the model such as clot
erosion, change in blood pressure/heart rate, and change in hormonal levels of the patient. Furthermore,
it is understood that the vein is a flexible vessel and the geometry of the vein changes as the patient
moves. However, this study assumes a fixed geometry in predicting the size and shape of clot when the
patient is in that position. To reduce the computational cost, the simulation was performed over 100s.

The clot formed after this time is used for evaluation in this study.

The velocity and strain rate are studied in pre-clot formation. Figure 5.35 shows the planes used for this
initial study. After clot initiation, more attention is paid to the injury zone. Figure 5.36 shows the
velocity and strain rate contours at the planes of interest at t = 10s when the flow is stable, but clot is

yet to initiate. The peak velocities and strain rate on these planes are also indicated.
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Figure 5.35: lllustration indicating planes of interest used for result analysis. Planes 1,2,3 are used to study the mechanical
properties and planes A-H focussed on studying the clot formation.
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Figure 5.36: Velocity and strain rate contours on planes of interest at t = 10s. Peak vélocity on each plane also indicated.
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Figure 5.37: Contours comparing velocities at plane before (t = 10s) and after (t = 100s) clot formation. Strain rate contours

showing increased strain rate on clot surface.
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Figure 5.37 illustrates the flow velocity in the vein before and after clot formation on the planes of
interest at the injury zone. The clot in the area obstructs flow and increase the peak velocity. The strain
rate on these planes is also illustrated in Figure 5.37. The strain rate in the clotted region reduced to
zero. However, the strain rate on the surface of the clot increased, but the value remains below 100s
indicating clot propagation still possible. Increased strain rate in noticed on Plane H which is closest to
the clot tail. This is possibly a result of recirculation at the clot head, trapping thrombin and encouraging

clot propagation.

The maximum thrombin and fibrin concentration in the vein over 100s are shown in Figure 5.38.
Thrombin concentration increases steadily following the generation profile, however, the growing clot
prevented most of the thrombin from getting transported away from the injury site by flow. Maximum
fibrinogen stayed at 7000nMol. Fibrin concentration also increases steadily until a peak value of
13600nMol is reached. The volume of the clot was the only quantitative property that was investigated.
The clot growth is similar to the thrombin concentration increase. Figure 5.38 shows the similarities
between the in vivo clot and the one formed in silico after 100s. The clot growth over 100s is illustrated
in Figure 5.39. The clot volume derived during segmentation was 2277.3 mm? and the in-silico clot had
a volume of 2373.05 mm? after 100s.
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Figure 5.38: Top: Maximum thrombin and fibrin concentration in the vein over 100s. Bottom: Volume of clot formed in vein
over 100s. Comparison between in vivo and in silico clot.
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Figure 5.39: Contour showing clot growth over t = 100 s. Scalar = 1 for clot core, and > 0.5 for clot shell.
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5.7. Discussion

This chapter describes a DVT model in an idealized three-dimensional geometry. The model accounts
for the blood flow properties and a portion of the biochemical cascade that leads to clot formation in
the vein. Computation methods were used to achieve this, where the biochemical species were
introduced into the flow as scalars. The model development process helps elucidate the clotting process
in DVT at different complexity levels of the model. Complicating the model will increase the
computational expense and make the model less easy to use. The effects of the size of endothelial
damage are investigated to some extent. The study of the relationships between biochemical factors and
the blood mechanical factors, and how they affect clot formation helps us better understand Virchow’s
coagulation triad [71].

As explained in the earlier section of this chapter, blood flow plays a major role in the initiation and
propagation of clot [79]. The clot was developed under steady and pulsatile flow. The flow was also
modified to simulate the valve activity at the vein inlet. Before clot initiation, the blood flow was as
expected. The parabolic steady flow was maintained in the steady flow model and parabolic pulsatile
flow in the pulsatile models. The maximum strain rate was constant when the flow was steady. Pulsatile
strain rates were seen in cases with pulsatile flow. The maximum strain rate value was almost 3 times
higher in the model with valve activity than in the model with just pulsatile flow. This is due to the
change in flow diameter as the valve opens and closes, causing divergence inflow at the inlet and
recirculation around the inlet. Reversed flow caused by deceleration of blood due to clot stenosis and
valve malfunction also caused a little increase in maximum strain rate value when clot initiates [93].
However, this increase was not noticed in some of the cycles. Further investigation would be required

to understand this phenomenon more.

It has been elaborated in Chapter 4 that the peak velocity magnitude has a major effect on clot initiation.
Results from this chapter show that changing the velocity profile but keeping the peak velocity the same
does not have a significant effect on the initiation of clot. Clot under steady flow initiated about a second
later than under pulsatile flow, this was the desirable outcome [73], [79], [87]. Reconfirming the claims
in Chapter 4 that the main driving factor determining clot initiation is the biochemical concentrations,
in this case, thrombin [45], [67].

A noticeable feature of the clot propagation is the erratic pattern whereby the growth rate increases then
begin to decrease, and the cycle continues until the peak clot size is reached. The period of increase is
the same as that of the decrease. The increase and decrease do not have the same period as the pulsatile
blood flow. Although further investigation is required to understand why this occurs, this is predicted
to be linked to the thrombin concentration. The low diffusivity value of thrombin does not allow
thrombin transportation far down into flow. The erratic pattern noticed is a result of thrombin

concentration exceeding the threshold value in the next vertical cell layer and the growth continues
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horizontally. For the thrombin-based models, the propagation rate slows down after the thrombin peak
concentration has been reached.

For the thrombin and fibrin-based models, the largest clot is formed when the blood velocity is pulsatile,
and the valve is not present as proposed by Mori et al [78]. The smallest clot is formed under steady
blood flow. The clot surface is under constant strain when the flow is steady as shown in Figure 5.13
and Figure 5.20. Thrombin gets transported away from the injury site and this limits the clot
propagation. In the case with exclusively pulsatile flow, the strain rate increases and reduces to values
closer to zero when the flow slows down. This improves thrombin diffusion and hence clot growth. Due
to the maximum strain rate in the models with the valve activity being higher, the clots formed are
smaller than in purely pulsatile cases this is as expected under the circumstances [101], [102].

Even though the clot initiation times and rate of propagation are similar, clots formed when the
concentration of fibrinogen and fibrin are included in the model are about 5 times larger than when
these biochemical species are not considered. This is due to continuous fibrin formation even after the
thrombin concentration had dropped below the threshold value. The inclusion of fibrin in the model
makes fibrin concentration the most important factor since fibrinogen concentration is constant as
defended by Weisel et al. model [76]. The thrombin, fibrinogen and fibrin concentration in the vein
changes over time in the same manner as derived by Bodnar and Sequira [94]. A slower thrombin
dissipation rate was noticed when compared to the set profile. This is due to trapped thrombin inside
the clot needing more time to get transported away from the injury site as noticed in Bodnar and

Sequira’s model [94].

The time taken for the fibrin-based model to reach the peak clot size is higher when compared to the
thrombin-based models. The pulsatile cases have clot formed before t = 1000s but the clot in the steady
case grows at a rate that is determined to be computationally expensive given the time available. The
time step size can be increased to evaluate when the clot propagation will end, however, inaccurate clot
size will be derived. The continuous growth is a result of steady fibrinogen supply and trapped thrombin
getting diffused into the flow, slowing down the clot propagation. The models with valve activity reach
their peak clot size first, followed by the purely pulsatile cases. This questions the assumption that the
coagulation process can be simplified by accounting for just thrombin concentration in the model [122].
Since the predicted clot size and the propagation time is significantly less when the model is made
thrombin based, it can be inferred that the assumption will not give an accurate prediction on the size

and timing of the clot formed, though it can predict how clot forms and the shape of the clot [94].

The clot shape is based on the flow properties. The same shape is noticed when in the thrombin-based
and the fibrin-based models with the same blood flow characteristics. Clotting under steady flow
propagates in the same manner as Kadri et al [136]. Where an asymmetrical clot thinner closest to the

inlet and grows thicker towards the outlet. For pulsatile cases, the clots were more symmetrical as a
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result of isotropic diffusion when the velocity gets closer to zero. Also, clot formation towards the inlet
occurred due to reversed flow. These models did not give a lot of information about the clot surfaces,
but further investigations could be done to study these properties.

Interpreting the steady flow applied at the phantom’s inlet to the computational vein’s inlet was
successful. Although there is no way to quantitatively examine the flow pattern in the phantom, it is
presumed that the plug flow gradually developed into a Poiseuille flow as in the experiment. The strain
rate at the vein wall was less than 100 s, encouraging clot growth in that area. Since no quantitative
properties could be used to compare the clot formation process, the size and shape of the clot are

evaluated qualitatively [134].

Comparing the experimental study results to the results from the simulation, there are some observable
differences in the shape and size of the clots. The experimental clot’s height is higher than the
computational clot. A rough estimation of this difference is done by drawing a line across the clot peak
and measure the height of the clot relative to the vein diameter, as shown in Figure 5.22 and Figure

5.23. There is approximately a 24% (1.8 mm) difference between the heights of the formed clots.

A major assumption made in the simulation was that the vein wall was rigid, and a no-slip condition
was applied as in most computational model [72], [83]-[85]. This does not correlate with the
experimental study. The no-slip condition in the simulation ensured that the velocity at the wall is
always zero and this allowed clot to stick to the wall. In the experimental study, clots formed in the
initial trials got transported away from the injury site with the flow. To prevent this, a form of friction
or tether was required around the injection to hold the clot in place. This was achieved by pushing the
injection needle into the flow domain a bit. the needle disrupts the flow and holds the clot in place. This
was not accounted for in the simulation and may explain the difference in height of the clot. Also, the
clot of the computational clot propagates more towards the outlet. Ideally, since the same amount of
biochemicals is pumped into both systems, the volume of the clots formed should be the same.
Observations of clot migration in-vitro suggest that haemodynamic-induced forces exceeded
tethering force on the (relatively smooth) phantom surface. This process was not considered

in the in-silico model and any comparison seems flawed.

The experiment was limited mainly by the quantity of biochemicals available. Few trials were
performed, and this did not allow the optimisation of the experiment. Ideally, multiple tests would have
been done with varying parameters. Furthermore, ideally, the sensitivity of the experiment would have
been tested on cases with the pulsatile flow or valval activity. Varying the inlet velocity would improve
our understanding of how accurate the proposed model is over a range of inlet velocities. The inability
to study the flow pattern in the experimental study prevents an in-depth discussion of the accuracy of

the model or the clot formation process. For the scope of this research, this chapter proves that the
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developed model predicts how and shape of clots formed to an extent, more research is required to
investigate the qualitative properties of the formed clot.

The CT scan derived from the patient was segmented and the right and left CFV were derived. the
similarities between these geometries encouraged the assumption that similar clot would form in both
veins under the same conditions. The steady-state simulation is used to study the blood flow in the left
CFV. This was used to determine the areas that support clot initiation based on the presence of low
velocity or recirculation in the area. Figure 5.31 shows that there is increased stagnation around Plane
4 and 6. This area became the area of interest and the strain rate around the area is studied. Large area

on the walls of Plane 4 and 6 had strain rate below 100s* which allow clot formation.

Figure 5.32 shows the vein geometry, wherein an increase in vein diameter occurred after the inlet
leading to a decrease in diameter towards the outlet as also seen in Fortuny et al. [100]. This increased
cross-sectional area is predicted to be the sinus of a venous valve, which was reinforced by clot
formation around the area as predicted by Simao et al [98]. The developed model was then applied to
the geometry after determining the area to represent the injury zone. Clot initiated in areas with
increased cross-sectional area which agrees that support the claim that clot formation in the veins mostly
occur around the valves [101], [103]-[105]. Clot initiation occurred at t = 25.325s and clot propagated
to cover the injury zone. The biochemicals followed the same pattern as in the idealized geometry,
however higher concentration was experienced as a result of stagnation zones trapping the biochemicals

and increasing the concentrations.

Although thrombin generation had significantly reduced after 100s, clot propagation continues. The
volume of the clot that formed in the patient was about 4% smaller than that formed in the simulation.
This difference is a result of unaccounted for factors that occurred over time to the patient. Assumptions
such as rigid walls and generalized biochemical concentrations also might have led to this difference.
The 4% margin however falls within the acceptable margin for error determined in the clot growth
experiment. The shape of the in-silico clot is the same as the in-vivo clot. A sharp increase in height
and a slower decrease towards the outlet as shown in Figure 5.38. The other difference aside from the
size of the clot is that the in-silico clot propagates more towards the outlet which explains the volume
difference. The propagation may have been eliminated in-vivo by the patient movement which will

change the geometry and shape of the clot.

A major limitation of using this model on patient-specific geometries is the computational cost incurred.
Applying pulsatile flow at the inlet is expensive and was not applied with the model on this geometry.
Although the clot is predicted to form in the valve’s sinus, the model does not include the valve activity
in order not to overly complicate the already complex flow. A more efficient code could increase the

speed of the simulation and hence give room for increased simulation time and complexity. This method
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should be implemented in many more geometries of other vessels in the body to determine improve the
sensitivity of the model.

6. CONCLUSION AND RECOMMENDATIONS

This chapter provides a summary of the project aim of developing a mechano-chemical computational
model of deep vein thrombosis. It discusses the methods taken to achieve this. The results from the
developed model are summarized. Each chapter and the contribution they make to the developed model

is discussed. It then recommends areas that should be focused on by future works.

6.1. Conclusion
Deep vein thrombosis is a common cardiovascular disease affecting over 200,000 people in South

Africa yearly with over 60% of DVT cases leading to embolism which can be fatal. The mysterious
nature of most DVT cases makes understanding, diagnosis and treatment problematic for clinicians.
Improvement to the visualization, diagnosis and treatment of DVT is vital. Introducing CFD modelling
gives the ability to investigate the physical and biochemical properties of clot formation process during
DVT. It has the potential to improve the usefulness of medical imaging as a tool for disease prevention

and inform drug prescription when models are applied to patient-specific cases.

The overall objective of this thesis was to develop a computational model that simulates deep vein
thrombosis in the femoral vein. The purpose of this model is to help further understand the clot
formation process. It assists in visualizing how clots propagate in a patient-specific geometry. The
model has the potential to assist in the diagnosis and treatment of DVT in different patients. The

developed model can be used to test out hypotheses without being invasive and at a relatively low cost.

Chapter 1 introduces DVT, explains how it leads to PE, and its incidence in South Africa. It then
motivates the need for this research by explaining the importance of introducing CFD into medical
imaging. The chapter acknowledges previous models and states the assumptions made by these models.
It also states some of the areas that are lacking in previous models that will be included in the developed
model. The next section then stated the overall objectives of the thesis, and studies that are carried out
using the developed model are stated. The chapter concludes by stating the research’s scope and the

thesis plan of development.

Chapter 2 presents an overview of the pathophysiology of DVT, its risk factors, the currently used
detection, diagnosis and treatment techniques. It describes normal blood flow in a healthy femoral vein.

Computations modelling methods used to predict blood clot formation are described. The chapter then
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describes haemostasis models that implemented CFD techniques. The section concludes with a review
of computational and experimental DVT models from literature.

Chapter 3 describes the theoretical approach taken to develop the model and achieve the aim of the
thesis. It begins by describing the general stages involved with CFD modelling. The fluid flow
governing equations and their reference frames are then discussed. The general transport equation was
also expressed. The next section describes the finite volume method used to solve the fluid flow
equations and the biochemical transport equation. The third section discusses the cell discretization
methods and the pressure-based solvers used to complete the simulations. Finally, the chapter describes
the methods used to account for biochemical introduction, transport, reactions and formation of porous

media.

Chapter 4 details the development of a two-dimensional mechano-chemical DVT model in an idealized
femoral vein. The model was developed to help understand the clotting process under a physiological
condition before increasing the complexity of the model. After a successful grid independence study,
the model is used to compare clot formation when thrombin is introduced into the flow as a flux versus
a fixed concentration. The study showed that the maximum concentration is higher when the flux
boundary condition is applied. However, physiological conditions are not attained when using fixed
concentration. The study indicated that to use the flux boundary condition, the concentration should be
divided by a factor k derived by multiplying the injury zone area by the time step size. The model is
then used to perform a parametric study of the blood velocity, thrombin concentration and vein
diameter. This study aims to understand the effect of changing these factors on the clot size and
determining which factor had the most impact on clot initiation and propagation. It is discovered that
increasing the velocity and vein diameter causes a reduction in clot size and, increasing the thrombin
peak concentration increases the clot size. Thrombin concentration showed to be the sole factor
determining when clot initiation occurs and driving factor determining the size of the clot. The work in
this chapter concurs with the claim by Wolberg et al that higher thrombin concentration produces
denser, larger clots [126]. The flow properties and vessel geometry have lower impact on the initiation

and propagation of clot within physiological value range compared to thrombin concentration.

Chapter 5 improves on the model developed in Chapter 4 by applying it to three-dimensional geometry.
An idealised three-dimensional cylindrical geometry is used to represent the femoral vein with an injury
zone on the wall. This geometry is used to gradually develop the final model by adding features to the
model developed in Chapter 3 and studying the shape and size of the clot formed. The first feature
included in the model was changing the steady parabolic flow velocity at the inlet to a pulsatile velocity
digitized from a doppler sonography. Adding this feature increases the clot size as strain rate at the
walls reduced significantly when the pulsatile flow is applied which accommaodates clot initiation and

propagation. The model then takes the valve activity into account. This is achieved by changing the
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flow area at the inlet as the velocity magnitude changes. This property reduces the clot size compared
to the purely pulsatile cases. The last feature added to the model was accounting for clot formation
using fibrin concentration instead of thrombin concentration. The clot formed in this final model was
larger, covering 1.5% of the vein volume. The thrombin, fibrin and fibrinogen concentration followed

the same pattern over time as seen in literature.

Chapter 5 continues by validating the developed final model by applying an experimental clot growth
study. In this study, a clot of known concentration was pumped at a known flow rate into the flow
phantom. Thrombin is pumped in at the injury site and flow was carried out for 30 seconds. The clot
formed experimentally is compared to the computationally grown clot. After carrying out a visual
comparison between both clots, there is an approximately 24% difference between the height of these
clot with the experimental clot being the thickest. The volumes of the clots are however proposed to be
approximately the same because the computational clot propagated more towards the outlet. This
difference is a result of the increased haemodynamic-induced forces exceeding the tethering force to
the wall of the computational vein. The section concludes that the model predicts the shape of the clot
formed to an extend with better accuracy attained in predicting the size of the clot.

The validated model is then applied to a patient-specific geometry. The geometry is derived by
segmenting the patient’s CT scan and the left femoral vein is exported as a .stl file. A steady-state
simulation is carried out on the geometry to determine areas with stagnation or recirculation. This helps
determine areas that clot is likely to initiate. Areas with strain rate less than 100 s are also focused on.
This method proves to be efficient as the location that is most susceptible to clot formation is predicted
and it is in the same position as the clot present in the patient’s vein. The injury zone is selected, to
allow the thrombin generation. After 100s, the model generates a clot that is identical in size and shape
to the clot in the patient’s vein. The propagation towards the outlet noticed in the experimental

validation is also noticed in this geometry.

The novelty of this work includes developing a framework that predicts clot formation in a patient-
specific three-dimensional femoral vein geometry using CFD techniques and biochemical reactions.
The model takes account of the blood flow, venous valves and biochemical reactions with clot forming
obstructing flow due to its different porosity and permeability values. The model developed in this
thesis is validated using an experimental clot growth study. Up until now, previous DVT models are
mainly flow-based, studying areas of stagnation and recirculation. Most of them have solid valve walls
and sinus. This model avoids this complexity by simulating blood flow coming out of the valve and
includes biochemical reactions on the desired injury zone, which allows for further investigation of the
clot formation process. This process also helps us study the initiation and propagation of clot as opposed

to just knowing regions of clot formation.
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6.2. Recommendations
The model developed in this thesis applied cardiovascular CFD to obtain the desired results, it is

however important to recognized that this research is not at the peak of its potential. Further studies can
be carried out as well as potential improvements to the model development methodology. The

recommendations for further investigation and model development include:

e Improvement of each stage of the data acquisition process. The CT scan used for this project
gives the instantaneous report of the patient, nothing is known about the patient history and
how long the clot has been present. A database that keeps track of individual patient’s
information and scans over a long period of time should be developed. this helps us track the
clot propagation and helps in future model development. A thrombogram could also be done
on each the patients to improve the patient specificity of the model.

e The segmentation stage could be made less time consuming. An automated segmentation
method could be developed to significantly reduce the time taken on this stage.

e Astudy should be performed to explore the other solver methods available. This study should
be aimed at developing a less bulky model with reduced runtime.

o More parameters such as mesh types and fibrinogen concentration could be included in the
parametric study, giving a broader understanding on how these factors affect clot formation.

¢ Including a valve sinus to the idealised geometry to study its effect on the clot formed in the
area. Future models should pay more attention to the valval activity. Although idea of
modelling flow at the inlet is a great representation. Flow through physiological valve does
not always follow a pattern. The unpredictable pattern should be accounted flow.

e The clot surface should be studied as well as the clot mechanical properties and compared
with physiological clots. The CFD model should allow for extraction of the clot as a solid and
test performed on it.

o Experiment can be optimised and improved to study the flow properties. The same setup
could be done using a particle image velocimetry (P1V) setup so the blood flow could be

studied. Extracting the clot can also be done to study the fibrin mesh.
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o Finally, the experimental and CFD studies could be done in a micro-scaled geometry. This
reduces the computational expense and provide clearer detailed clots, whose properties and

surface could be easily studied.
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8.

8.1.

8.1.1. Velocity Profile
8.1.1.1. Steady Parabolic Flow

APPENDICES

User Defined Functions

#include"udf.h"

DEFINE_PROFILE(velocity, thread, position)

{

/* the centroid of the boundary face (x0,y0,z0) */

real x0 =0.0;

real y0 =0.0;

real z0 = 0.0;

/* the maximum radius of the pipe and maximum centerline veloicty of the parabola */
real Max_Radius = 0.00488; /* diameter of the pipe Max_Radius */

real Peak_Velocity = 0.1388; /* maximum centerline velocity of the parabola

/****************************/

/* Main Program */

/****************************/

real XIND_ND]; /* this will hold the position vector of the face/element centroid */
real r; /* distance from the centre of the pipe */

real Velocity Profile; /* Velocity to be written to boundary */

face_t f; /* f the hooked boundary face in fluent */

begin_f _loop(f, thread)

{

F_CENTROID(x, f, thread); /* the coordinates of the current face/element centroid
accessed by F_CENTROID */

/* Radius from central axis of parabola is */

if (ND_ND == 2) /* for 2D modelling */

{
r = pow(pow((x[0] - x0), 2) + pow((x[1] - y0), 2), 0.5);
}
if (ND_ND == 3) /* for 3D modelling */
{
r = pow(pow((X[0] - x0), 2) + pow((x[1] - y0), 2) + pow((X[2] - z0), 2), 0.5);
}

/* Write Profile in x */

Velocity Profile = Peak_Velocity * (1.0 - ((r * r) / (Max_Radius * Max_Radius)));

/* Write velocity boundary condition */

F_PROFILE(f, thread, position) = Velocity_Profile; /* Apply velocity profile to

selected boundary */

}
end_f _loop(f, thread)
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8.1.1.2. Pulsatile Parabolic Flow

#include"udf.h"

DEFINE_PROFILE(velocity, thread, position)

{

/* the centroid of the boundary face (x0,y0,z0) */

real x0 =0.0;

real y0 =0.0;

real z0 = 0.0;

real time = CURRENT_TIME;

/* the maximum radius of the pipe and maximum centreline velocity of the parabola */
real Max_Radius = 0.00488; /* diameter of the pipe Max_Radius */

real peakV = (0.083*sin((7.8*time)+5.3)+0.022*sin((15.6*time)+5.8)+0.01*sin((7.8*time)+5.33))+0.06;
real Peak_Velocity ;

/****************************/

/* Main Program */

/****************************/

real XIND_ND]; /* this will hold the position vector of the face/element centroid */
real r; /* distance from the centre of the pipe */

real Velocity Profile; /* Velocity to be written to boundary */

face_t f; /* f the hooked boundary face in fluent */

begin_f_loop(f, thread)

{

F_CENTROID(x, f, thread); /* the coordinates of the current face/element centroid

accessed by F_ CENTROID */

if (peakV >=0.0)
{

Peak_Velocity = peakV;
}

else

{
¥

/* Radius from central axis of parabola is */
if (ND_ND == 2) /* for 2D modelling */

Peak_Velocity = 0.0;

{
r = pow(pow((x[0] - x0), 2) + pow((x[1] - y0), 2), 0.5);
}
if (ND_ND == 3) /* for 3D modelling */
{

r = pow(pow((X[0] - x0), 2) + pow((X[1] - y0), 2) + pow((X[2] - z0), 2), 0.5);

/* Write Profile in x */
Velocity Profile = Peak_Velocity * (1.0 - ((r * r) / (Max_Radius * Max_Radius)));

/* Write velocity boundary condition */
F_PROFILE(f, thread, position) = Velocity_Profile; /* Apply velocity profile to

selected boundary */

}
end_f_loop(f, thread)
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8.1.1.3. Pulsatile Parabolic Flow with Valve Activity

#include"udf.h"

DEFINE_PROFILE(velocity, thread, position)
{
real x0 =0.0;
real y0 =0.0;
real z0 = 0.0;
real time = CURRENT_TIME;

real Max_Radius

fabs(((0.083*sin((7.8*time)+5.3)+0.022*sin((15.6*time)+5.8)+0.01*sin((7.8*time)+5.33))+0.12)*(0.

00488/0.1319419967782473));
real Peak_Velocity;
real XIND_ND]J;
real r;
real Velocity Profile;
face tf;
begin_f loop(f,thread)
{
F_CENTROID(x, f, thread);

r = pow(pow((x[0]-x0),2)+pow((x[1]-y0),2)+pow((x[2]-20),2),0.5);

if (r > Max_Radius)
{
Peak_Velocity=0.0;
}

else

{
real peakV

(0.083*sin((7.8*time)+5.3)+0.022*sin((15.6*time)+5.8)+0.01*sin((7.8*time)+5.33))+0.06;

if (peakV >=0.0)
{
Peak_Velocity = peakV;

else

Peak_Velocity = 0.0;
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}
Velocity_Profile = Peak_Velocity*(1.0-((r*r)/(Max_Radius*Max_Radius)));

F_PROFILE(f, thread, position) = Velocity_Profile;

}
end_f _loop(f, thread)

8.1.2. Thrombin Generation Profile

DEFINE_PROFILE(AneurysmWall,th,i)
{
#if IRP_HOST
face ta;
real h = 2.7272¢0;
real PEAK = 200.0e0;
real TTP = 1.95€0;
real ETP = 1648.0e0;
real Line = ((-14540*CURRENT_TIMESTEP)+93550); /* To be Recalculated for every geometry.
This is for timestep size less than 1*/
real Factor = (PEAK)/Line;
begin_f _loop(a,th)
{
F_PROFILE(a,th,i) = (h*PEAK*exp(-h*((CURRENT _TIME/60.0e0) -
TTP))*(PEAK/ETP)*exp(-exp(-h*((CURRENT _TIME/60.0e0) - TTP))*(PEAK/ETP)))*Factor ;
J*
if (CURRENT_TIME==0){
F_PROFILE(ath,i) = (le-09*h*PEAK*exp(-h*((CURRENT_TIME/60.0e0) -
TTP))*(PEAK/ETP)*exp(-exp(-h*((CURRENT_TIME/60.0e0) - TTP))*(PEAK/ETP))); }

else {
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F_PROFILE(a,th,i) = (1e-09*h*PEAK*exp(-h*((CURRENT_TIME/60.0e0) -
TTP))*(PEAK/ETP)*exp(-exp(-h*((CURRENT_TIME/60.0e0) -
TTP))*(PEAK/ETP)))/(CURRENT_TIMESTEP*153.0); }

* }
end_f_loop(a,th)
#endif

}

8.1.3. Biochemicals Initialization
DEFINE_INIT(my_init_func, d)
{
cell tc;
Thread™* t;
real Xxc[ND_ND]; /* loop over all cell threads in the domain */
thread_loop_c(t, d)  /* loop over all cells */

{
begin_c_loop_all(c, t)
{
C_CENTROID(xc, c, t);
C_UDSI(c, t, 1) = 7000.0; // all cells have 7000 nM of fibrinogen
C_UDSI(c, t, 2) = 0.0; ; // all cells initially have zero fibrin
}

end_c_loop_all(c,t) }}

8.1.4. Fibrin Formation
DEFINE_SOURCE(Source_of _UDS2, c, t, dS, egn)
{

real kcat = 59.0;
real Km = 3160.0;
real Fnmax = 10000.0;
real source2;
real Fbng = C_UDSI(c, t, 1);
real Thr = C_UDSI(c, t, 0);
real Fbrn = C_UDSI(c, t, 2);
real gen =1050.0*kcat * Thr * Fbng / (Km + Fbng);
if (Fbrn < Fnmax)
source2 = gen;

else
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source2 = 0.0;

return source2;

8.1.5. Fibrinogen Consumption
DEFINE_SOURCE(Sink_of UDS], c,t, dS, egn)
{

real sourcel,;
real kcat = 59.0;
real Km = 3160.0;
real Fbng_min = 0.1;
real Thr = C_UDSI(c, t, 0);
real Fbng = C_UDSI(c, t, 1);
real Fbrn = C_UDSI(c, t, 2);
real gen = 1050.0*kcat * Thr * Fbng / (Km + Fbng);
if (Fbng > Fbng_min)
sourcel = (-gen);
else
sourcel = 0.0;

return sourcel;

8.1.6. Viscous Resistance
DEFINE_PROFILE(vis_resx, t, nv)

{
real b;
cell_tc;
begin_c_loop(c, t)
{
/if (C_UDSI(c,t,0) >= 1.00e-9 && C_STRAIN_RATE_MAG(c,t) <= 100.0e0)
if (C_UDSI(c, t, 3) I= 1e0)
b =1.0e-12;
else
b=1.0e+12;
C_PROFILE(c, t, nv) = b;
}
end_c_loop(c, t)
}
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8.1.7. Porosity Function
DEFINE_PROFILE(porosity_function, t, nv)
{

real f;

cell_tc;

begin_c_loop(c, t)

{
real dudy;
real dvdx;
real visc;
real stress;
real fibrin;

visc=C_MU_L(c,t); // using this instead of visc value just to try it
dudy=C_DUDY(c,t);
dvdx=C_DVDX(c,t);
stress=visc*(dudy*dudy+dvdx*dvdx);
if (C_UDSI_M1(c, t, 3) ==1.0)
{
f=0.75e0;
C_UDSI(c, t, 3) = 1.00e0;

else

if (C_UDSI(c, t, 2) >=1000.0 && stress < 5000)
{ f=0.75€0;
C_UDSI(c, t, 3) = 1.0e0;}
else
{
f=1e0;
C_UDSI(c, t, 3) = 0e0;

}
C_PROFILE(c, t, nv) =f;

/I C_UDMI(c,t,0) = f;
}

end_c_loop(c, t)
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