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Abstract

Thrombosis, which is the formation of a blood clot (thrombus) in the vascular system, is one
of the major issues of blood-coated medical devices. To reduce thrombosis risk in this type
of devices, computational fluid dynamics has been used. Existing thrombosis models have
considered a wide range of biological processes. Nevertheless, to apply these models in the
context of biomedical devices, a compromise between model description and computational
efficiency must be searched. Up to date, bio-material surfaces used in blood coated devices
initiate blood coagulation through the contact activation system. This system has not been
considered in models dedicated to devices, even though its importance in thrombosis has
been recently highlighted.

The objective of this thesis is to introduce device-triggered coagulation reactions in the
modeling of device-related thrombosis. Detailed kinetic schemes of the coagulation cascade
are useful to predict thrombin formation in quiescent blood plasma. However, they are compu-
tationally inefficient when dealing with complex flow configurations encountered in medical
devices. Therefore, reduction of complex biological descriptions was also investigated.

In this study, a numerical framework for the initiation of the coagulation cascade is
proposed. Thrombin formation in a backward facing step configuration is studied using a
proper reactive boundary condition along with a detailed model of the coagulation cascade
including the contact activation system. In our simulations, large thrombin concentrations
are observed in the same region in which thrombus is formed experimentally. Due to
large uncertainty reported on the reaction rates of the detailed kinetic model used, a global
sensitivity analysis is performed in quiescent plasma simulations.

A novel reduced kinetic model including the contact activation system is proposed. The
model correctly captures thrombin formation in physiological and prothrombin deficient
platelet-poor-plasma. The reduced set of reactions is then included in a platelet-based model
for thrombus formation considering platelet activation by thrombin. This approach is used
to study thrombus formation in the backward facing step configuration. Large levels of
platelet activation are observed due to thrombin activation. The original non-physiological
dependency of the platelet-based model to background activation levels of platelets was

suppressed using our approach.






Résumé

La thrombose est la formation d’un caillot sanguin (thrombus) dans le systeme cardiovascu-
laire. Il s’agit d’un des principaux problemes des dispositifs biomédicaux en contact avec
du sang. Pour réduire le risque de thrombose dans ce type de dispositifs, la mécanique des
fluides numérique a été utilisée. Par exemple, Wu et al. [1] a développé un modele basé sur
’activité plaquettaire pour prédire la croissance thrombotique dans un dispositif d’assistance
ventriculaire (voir Fig.1). Les modeles de thrombose existants prennent en compte une
large gamme des processus biochimiques. Cependant, pour appliquer ces modeles dans le
contexte des dispositifs biomédicaux, un compromis entre description biologique et efficacité

numérique doit étre trouvé.

Actuellement, les approches dédiées a la formation de thrombus liée aux dispositifs
sont concentrées sur I’adhésion et 1’activation plaquettaire. Toutefois, les biomatériaux
utilisés jusqu’a présent dans les dispositifs en contact avec du sang déclenchent également la
coagulation a travers le systeme de contact comme expliqué par Yan et al. [2]. Ce systeme
n’a pas été pris en compte dans les modeles de thrombose dédiés aux dispositifs, alors que
son importance pour la thrombose a été récemment mise en évidence par Naudin et al. [3].
Parallelement, des schémas cinétiques pour la formation de thrombine déclenchée par le
systeme de contact ont été développés par Chatterjee et al. [4] et Zhu [5]. Ces schémas ont
été capables de reproduire la formation de thrombine dans un échantillon de plasma pauvre
en plaquettes. Des schémas cinétiques de la cascade de coagulation ont été couplés avec des
modeles de mécanique des fluides (Biasetti et al. [6], Seo et al. [7]). Cependant, les cas
étudiés sont propres a un thrombus provoqué par une blessure sur les parois de vaisseaux
sanguins. Dans ces cas, la zone de formation thrombus est supposée connue et donc prescrite
dans les simulations qui ne sont donc pas prédictives. Ce type d’approche ne peut pas étre
utilisée pour les décrire les dispositifs biomédicaux car la région ou le thrombus se forme est

a priori inconnue.

L’objectif de cette these est d’introduire les réactions de coagulation initiées par
le systeme de contact dans la modélisation de la thrombose associée aux dispositifs
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Fig. 1 a) Simulation numérique de la formation du thrombus basée dans 1’activité plaquettaire,
b) et ¢) sont des images cliniques. Le thrombus est formé en amont de I’entrée du dispositif
d’assistance ventriculaire. Image issue de Wu et al. [8].

biomédicaux. Par ailleurs, la réduction des schémas cinétiques détaillés de la cascade de
coagulation a été étudiée dans I’objectif de I’appliquer pour des écoulements complexes

présents dans ce type d’appareils.

Apres une introduction au sujet dans le Chapitre 1, le Chapitre 2 présente une stratégie
numérique pour initier la cascade de la coagulation. La formation de thrombine dans la
configuration académique de Taylor et al. [9] a été étudiée en utilisant une condition limite
adaptée aux réactions surfaciques. Cette condition limite a été appliquée sur toute la paroi
du domaine de calcul mais la création de thrombine n’est effective que dans certaine zones
propices du point de vue de la mécanique des fluides (faible vitesse, recirculation). Pour
modéliser la cascade de coagulation, le schéma cinétique de Chatterjee et al. [4] a été
utilisé. Comme le montre la Fig. 2.8, les simulations produisent de fortes concentrations de

thrombine dans la méme région ou le thrombus se forme lors de I’expérience en laboratoire
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de Taylor et al. [9], alors que les réactions de coagulation sont déclenchées sur toute la paroi

du domaine.
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Fig. 2 a) Formation de thrombine a 100, 125, 150 et 175 s. b) Image issue de Taylor et al.
[9] montrant le champ de vitesse autour du thrombus dans la configuration académique de la
marche descendante. ¢) Forme tridimensionnelle du thrombus issue de Taylor et al. [9].

Dans le Chapitre 3, un nouveau modele réduit pour la génération de thrombine est proposé
en incluant I’activation par contact. Ce modele est dérivé d’une analyse de sensibilité du
modele détaillé de Chatterjee et al. [4] en utilisant la méthode globale de Morris [10]. Le
modele arrive a prédire correctement la formation de thrombine dans du plasma physiologique
et pour une gamme de plasma déficients en prothrombine. La figure 4 montre les résultats
experimentaux d’un test de géneration de thrombine en incluant les résultats numériques
du modele réduit. De maniere generale, un bon accord est observé avec une amplitude de
génération de thrombine numérique 1égerement plus faible pour le numérique. Cependant, la

bonne tendance est reproduite par le modele réduit.
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Fig. 3 Modele réduit pour la génération de thrombine en incluant le systéme d’activation par
contact. Le systeme de notation K,,;, k¢4 suit la cinétique de Michaelis-Menten, la notation

k; indique une réaction de premier ordre.
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Fig. 4 Test de genération de thrombine dans du plasma déficient en prothrombine

Dans le Chapitre 4 1’approche réduite est incluse dans le modele de Taylor et al. [9] pour
une croissance du thrombus basée sur 1’activité des plaquettes. Cette nouvelle stratégie est
utilisée pour calculer la formation du thrombus dans la méme configuration académique du
Chapitre 2. La Fig. 5 montre 1’évolution du thrombus en utilisant le modele de Taylor et al.

quand la génération de thrombine est prise en compte par le modele réduit en utilisant la



xi

condition limite de paroi réactive.
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Fig. 5 Champs de vitesse scalaire dans la direction x (horizontal). La ligne blanche montre la
limite de thrombus. Le thrombus se forme dans la méme zone que dans 1’expérience décrite
dans Taylor et al. [9].

Les résultats numériques montrent une forte activation plaquettaire par la thrombine. La
figure 6 montre la forte dépendance du modele de Taylor et al. [11] (uniquement plaquettaire)
a la valeur d’activation plaquettaire du sang entrant. Cette forte dépendance, pas justifiée
d’un point de vue physique, est supprimée quand le modele est couplé avec le schéma réduit
de la cascade de coagulation. Les différentes valeurs d’activation plaquettaire utilisées sont
détaillées dans le tableau 1.
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Fig. 6 Croissance de la taille du thrombus 77, et 7y pour different valeurs d’activation
plaquettaire de fond.

Cas Activation plaquettaire de fond (PLT m~3)
YALES2BIO Coagulation 1 2.5%x 1013
YALES2BIO Coagulation 2 7.5% 1013
Taylor et al. [11] 1 1.5x 1013
Taylor et al. [11] 2 2.5x 1013
Taylor et al. [11] 3 3.7x 1013

Table 1 Nivaux d’activation plaquettaire de fond utilisées avec le modele de Taylor et al. [11].
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Chapter 1
Introduction

In this chapter, a general introduction of the thesis is developed. First, the motivations of
the work are presented. Then, the biological processes that take place in thrombosis are
introduced. A literature review on thrombosis modeling is done for both injury-related and
device-related thrombosis. Finally, the thesis structure is presented, listing the principal

objectives and contributions of each chapter.

1.1 Motivations

The use of blood-coated medical devices has emerged over the last decades [110, 2, 16, 64].
This type of devices are used to treat different types of pathologies such as:

¢ Heart-related conditions

— Heart failure which is treated with ventricular assist device (VAD), total artificial
heart (TAH)

— Heart valve disease in which mechanical valves or bioprosthetic valves are used
* Cerebrovascular conditions

— Brain Aneurysm treated with coils, stent, flow diverter
— Stenosis treated using balloon angioplasty stenting
The efficiency of these devices has improved over the last years. However, there is not a

biomaterial surface that prevents the initiation of blood coagulation or platelet adsorption due

to the lack of non-thrombotic properties of the endothelium in the biomaterial. In some cases,
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thrombus formation is desired: in cerebral aneurysm for example, thrombus growth maybe
triggered as a treatment to prevent aneurysm rupture [87]. However, in other devices such as
heart valves, blood pumps or vessel grafts, clinical complications may arise, as pointed out
by different authors [28, 119, 75]. One of the major challenges of device manufacturers is to
develop strategies that increase the hemocompatibility of devices to improve the treatment
success rate. The main objective of the current work is to develop a mathematical model
that helps to understand and predict the formation of thrombus in blood-coated devices
contributing with the long-term goal of optimizing these devices.

1.2 Thrombosis Biology

In its normal state, blood is pumped inside the cardiovascular network. The first layer of most
of the vessels wall, named endothelium, has non-thrombotic properties. The endothelial cell
functions influences thrombosis through the secretion of mediators such as: thrombomodulin,
antithrombin, plasminogen activator, heparin, thromboxane A2 leukotrienes which prevent
the spontaneous creation of a blood clot [45]. When the endothelium is damaged, a biological
response called hemostasis takes place to preserve the integrity of the vessel wall. The
hemostatic response involves different biological processes that form a blood clot which
prevents the blood from leaving the vessel. This process searches an equilibrium in order to

preserve the vessel wall integrity without occluding the vascular duct as shown in Fig. 1.1.

When hemostasis is not well regulated, several disorders can take place like thrombosis
(excessive clot formation known as thrombus) or hemorrhagic disorders (like hemophilia or
von Willebrand disease). In the case of thrombosis, blood clots can form mural thrombus
(thrombus at the vessel wall), emboli (a detached part of a thrombus) or occlusive thrombus.
Hoffbrand and Moss [58] define the hemostatic system as a delicate balance between pro-
coagulant and anticoagulant mechanisms allied to a fibrinolysis process that allows for an
efficient and rapid mechanism for stopping bleeding from sites of blood vessel injury. Some
of the major biological components involved in hemostasis are:

» Coagulation cascade
* Platelet activity (adhesion, activation, aggregation)
* Blood flow (mass transport)

* Inflammation and other minor processes
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Collagen

Thrombus

Subendothelial
matrix

Fig. 1.1 Hemostatic response illustrated by a blood clot formation at the injury site. The
image is taken from [44].

Through these biological mechanisms, a platelet plug is formed. Simultaneously, thrombin
produced in the coagulation cascade transforms fibrinogen into fibrin which meshes the
platelet plug. Then, a complicated interaction between the platelet plug and fibrin nets
takes place continuously to form a stable blood clot (thrombus). Even though the biological
processes involved in thrombus formation take place at the same time, for the sake of

understanding, they will be presented separately.

1.2.1 Constitution of Blood

Blood is a complex fluid mainly composed of plasma, platelets, red and white blood cells
which are suspended as shown in Fig. 1.2. Plasma constitutes 55 % of the total blood volume
and is mainly composed of water (up to 95 %) along with different substances, such as
dissolved proteins (6-8 %), glucose, coagulation factors, electrolytes, hormones, carbon
dioxide and oxygen. Coagulation factors are enzymes and zymogens that circulate in their
inactivated state. Upon a specific biochemical signal, they initiate a series of biochemical
reactions that contribute to form the blood clot. The coagulation factors that circulate in
blood in their inactive form are listed in Table 1.1. The remaining 45 % of the volume is
composed of platelets, white blood cells and mainly Red Blood Cells (RBC).
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Plasma:
- Water, proteins,
nutrients, hormones,
etc.

o —— —

Buffy coat:
- White blood cells,
platelets

Hematocrit:
- Red blood cells

Fig. 1.2 Circulating human blood scanned with an electron microscope (left) and an illustra-
tion of the blood composition (right). The image is taken from [103].

Factor Names Physiological mean Clinically range
11 Prothrombin 1.4 uM 0.8-2.0
Vv Labile factor 20 nM 12-28
Vil Proconvertin 10 nM 6-14
VIII Antihaemophilic factor 0.7 nM 0.4-1.6
IX Christmas factor 90 nM 62-135
X Stuart-Power factor 160 nM 96-224
ATIII Antithrombin 3.6 uM 3.2-6.3
TFPI Tissue Factor Pathway Inhibitor 2.5 nM 1.1-4.3

Table 1.1 Circulating inactive coagulation factors and their mean physiolocial concentration
in blood. The values are taken from [22].

1.2.2 Coagulation cascade

In the classical view of the coagulation cascade, when the endothelium is damaged, tissue
factor (TF) is exposed triggering a cascade of enzymatic reactions that generate thrombin.
This cascade of reactions is known as the coagulation cascade, which is divided into three
pathways: extrinsic (or TF) pathway, the intrinsic pathway (which can be triggered by
foreign surfaces without endothelial properties) and the common pathway. The extrinsic
and the intrinsic pathway taking place separately merge in their final part at the common
pathway. Here, the classical view of the coagulation cascade is presented [58]. However,

new enzymatic reactions and interactions between factors are still being discovered [23].
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Intrinsic pathway

In vivo, the intrinsic pathway is initiated by blood exposure to a negatively charged surface
such as collagen or by artificial surfaces, as shown in Fig. 1.3. Several surfaces that can initi-
ate this pathway have been identify, including collagen, nucleid acids, platelet and microbial
polyphosphate, as pointed out by Naudin et al. [85]. In the case of a medical device, when an
artificial surface is present in the blood flow, proteins like albumin, fibrinogen, factor X1 or
HMWK rapidly adhere to it, forming a protein layer. The protein layer evolves dynamically
in what is called the Vroman effect [115]. In whole blood, several proteins compete to occupy
free sites at the artificial surface. In particular, the adsorption rate of factor X/7 will directly
influence the initiation of the intrinsic pathway by the contact activation system.

Complement

activation
Inflammation

Platelet

Kallikrein activation

Fibrin formation

Platelet Platelet
adhesion aggregation

Factor XII
activation

‘ Protein adsorption
| Medical device surface |

Fig. 1.3 Schematic of thrombus formation in medical devices, coagulation is triggered by
the artificial surface. The image is taken from Jaffer et al. [60].

Figure 1.4 shows the intrinsic pathway. This pathway is triggered by factor X/I auto-
activation in a negatively charged surface. Two other enzymatic reactions that activate factor
X1 exist, auto-hydrolysis (activation by X/1,) and reciprocal activation by Kallikrein. At the
negatively charged surface, high molecular weight kininogen (HMW K) binds to prekallikrein
(PK) and to factor XI. Once PK binds to HMWK it transforms into Kallikrein (K). In addi-
tion, K transforms factor X1I, to X1I; (fragmented) which interacts with the complement
system (see Section 1.2.6). Activation of factor X/ to X1, by factor X11, marks the end of

the contact activation system. The intrinsic system continues with the activation of factor
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IX to IX, by the action of factor X1,. Factor /X, forms a complex with calcium ions (Ca*t)
and VII1, (which is activated by thrombin and factor X,;). This complex is also known as
the intrinsic Tenase complex. Finally, complex IX, = VIII, = Ca®>* activates factor X. The
intrinsic and extrinsic pathways merge in the production of factor X,,.

- Artificial surface :
PK = HMWK | X1l XI/HMWK |

Kal = HMWK

X1l |

Complex

Vil —— Vil cat %]

\XI:HMWK\ X |
J
X,

\
l
X

a

Fig. 1.4 Intrinsic pathway based on the model presented by [29] following the traditional
biochemical picture of the coagulation cascade.

Historically, the importance of the intrinsic pathway remained speculative because pa-
tients with factor XII deficiency did not present bleeding disorders. On the other hand,
patients lacking of factor VII (initial enzyme in the extrinsic system) show bleeding disor-
ders, suggesting that the contact system had a minor role in haemostasis and therefore in
thrombosis as well. It was not until the work of Renné et al. [95] that the importance of the
contact system for thrombus formation was elucidated. Renné and co-workers showed that
infusion of human factor X/ into murine blood lacking of factor X /I resulted in a restitution
of thrombotic activity. These findings suggest that contact activation is crucial for thrombosis
and thus relevant to biomedical devices due to factor X/I activation in most of the materials

used.
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Extrinsic pathway (Tissue factor pathway)

As shown in Fig. 1.5, the extrinsic pathway is triggered by the presence of Tissue Factor,
which is present at the sub-endothelium layer or expressed by activated platelets and leuko-
cytes. TF is released in response to wall vessel damage. When T'F is exposed to blood flow,
it binds to plasma factor VI to form the TF = VII complex. TF = VII complex promotes
the activation of factor VII forming the complex TF = VII,. It is important to mention
that pico-molar concentrations of V11, circulate normally in the blood thus allowing, in the
presence of T'F, the direct formation of TF = VI, complex [47]. In the presence of calcium
(Ca®*) and phospholipids, the TF = VII, = Ca** complex, also known as the extrinsic
‘tenase’ complex, activates factor X. As pointed out before, here is where the intrinsic and
extrinsic pathways come together. In addition, TF = VII, = Ca** complex can activate
factor /X, hence communication between extrinsic and intrinsic systems takes place.

This pathway is also relevant to blood coated medical devices since TF expression by mono-
cytes was observed by Wilhelm et al. [117] and correlated to the presence of bio-materials.
Also, TF can be released during device implantation which could also induce the initiation
of the coagulation cascade.

TF (Vessel injury)

VII VII,

]

Tenase complex
cat |TF=VII,

\
l
X

a

Fig. 1.5 Extrinsic system, sometimes referred to as TF pathway [58].

Common pathway

In the final part of the coagulation cascade factor X, forms a complex with activated factor V.

In the presence of calcium, the prothrombinase complex X, =V, converts prothrombin into
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thrombin which is the key enzyme in the coagulation process due to its multiple interactions
with various systems and factors. Thrombin cleaves activation peptides from fibrinogen to
form fibrin monomers and activates factor X//I that adds mechanical structure to the fibrin
(through cross-linking). Furthermore, thrombin is a powerful activator of platelets, together
platelets and fibrin form the stable blood clot [44]. Figure 1.6 shows the common pathway
and thrombin amplification feedback loops such as activation of factor V, factor X/ and factor
VIII.

Inhibitors of coagulation

The coagulation cascade has many feedback loops that amplify the production of thrombin.
A counterpart that blocks the amplification loops is the presence of coagulation inhibitors in

blood that help reaching a hemostatic balance. The main inhibitors of coagulation are:
* Protein C is a vitamin K-dependent protein that inactivates factors V, and VIII,.

* Antithrombin (AT'III) neutralizes factor X, and /1, by forming a complex. It is also
capable of inhibiting factors IX,, X1, and X11,.

* Tissue factor pathway inhibitor (7 FPI) is the main inhibitor of the TF = VII,
complex and of factor X,,. TFPI is present on the luminal surface of the vascular

endothelium, and in platelets, monocytes and plasma.

Fibrin Formation

Fibrin along with activated platelets form the hemostatic clot that prevents blood loss. The
fibrinogen conversion to fibrin is catalyzed by thrombin. In parallel, thrombin activates factor
XIII that will promote fibrin cross-links leading to a mechanical stable blood clot. This
could be considered as the final event of the thrombus formation process. However, it is
important to mention that Fibrinolysis and Thrombolysis (enzymatic degradation of fibrin
and thrombin) can occur in a longer process mediated by plasmin. This process is often used
with therapeutic means to prevent thrombosis. Figure 1.6 shows the coagulation cascade

involving the three pathways previously mentioned and the coagulation inhibitors.!

I'A really good graphical effort from the Johns Hopkins University to explain the coagulation cascade can
be found in http://www.hopkinsmedicine.org/hematology/Coagulation.swf
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PK=HMWK| |XII| |XI=HMWK TF (Vessel injury)

X1y Ca2+
Intrms 1C Tenas ...................................................
il | ——| v,
—— . AT
- Prothrombinase
——’ Va X, Prothrombin
|

- AT

(Fibrinogen) / | [ Thrombin |
Protein C *

]

(Fibrin) I, \ X111,

—xa

Fig. 1.6 Complete coagulation cascade including the intrinsic, extrinsic and common
pathways showing the role of the coagulation inhibitors.

1.2.3 Platelet activity

Platelets are anuclear cells that play an important role in thrombosis. Normally, they circulate
in their inactive form. They have a discoidal shape with an approximated diameter size of
0.5 um. When an injury is exposed, platelets are recruited to the injury site and activate
upon contact with different sub-endothelial elements such as collagen, von Willebrand fac-
tor and fibronectin. When activated, platelets promote coagulation reactions by exposing
surface anionic phospholipids acting as a nidus for pro-coagulant proteins. It is worth to
note that activation of platelets occurs when they contact any type of thrombogenic surface.
In addition, several chemical pathways for platelet activation exist, as explained in [44].

Chemical platelets agonists such as adenosine diphosphate (ADP), thrombin, thromboxane
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A or serotonin can activate platelets through different pathways, which may lead to auto-
activation loops. Another platelet activation mechanism is due to the interactions with the
Von Willebrand factor (VWF) through glycoprotein Ib receptor and glycoprotein VI with
collagen; this pathway is independent of thrombin and its result is the adhesion of platelets to
the injury. Platelets can also be mechanically activated by the flow due to shear. Hellums [54]
identifies a shear stress threshold for platelet activation that depend on the stress magnitude
and the exposure time. Activated and non-activated platelets aggregate at the injury site and
form, along with fibrin, the hemostatic clot. The natural inhibitors of platelet function are
Nitric oxide (NO) and Prostacyclin which are released by endothelial cells; both promote
vasodilatation and inhibit platelet activation according to Galley and Webster [45].

Platelet activation has been observed in several clinical procedures and bio-mechanical
devices due to high shear stress (SS). It has been reported by [89] that mechanical activation
of platelets can trigger chemical activation feedback loops. Platelets can also adhere to
bio-material surfaces and activate through their interaction with different glycoprotein (GP)
receptors. In-vivo, the bouncing off or adhesion of platelets to the thrombus is regulated by
the interactions of GPIb\Illa complex with fibrinogen and Von Willebrand factor (VWF).
In-vitro platelet adhesion depends on the material adhesive properties which will determine
the rate of protein adsorption to the device surface [113]. According to Taylor et al. [112], at
low shear regions platelet adhesion is mediated by fibronectin, vitronectin and fibrinogen.
At medium shear rates fibrinogen is the primary mediator. It is likely that at shear rates
greater than 5000 s~! VWF is the dominant adhesion mediator [97, 99]. In hemodynamic

regimes with high shear rates, "white clots" primarily composed of platelets are observed [26].

1.2.4 Von Willebrand factor

At high shear rates (. > 5000 s~ 1), thrombus formation is dominated by platelet accu-
mulation as explained by [26]. Shear dependent platelet adhesion and aggregation is highly
regulated by VWF. Increasing the shear rate above ¥, induces a shape transformation of
VWEF to a stretched form with a larger length of (I ~ 15 um). At shear rates below ¥,
VWEF has a compact conformation with an estimated diameter size of d ~ 2 um. Figure 1.7
shows both VWF shapes. The adhesion rate of VWF is increased in the stretched form as
pointed out by [99].
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Below Critical Shear y, Above Critical Shear y,

collapsed stretched

Fig. 1.7 VWF below and above the critical shear rate (upper part show a graphic representa-
tion and lower image is a fluorescence) these images are reproduced from [99]

1.2.5 Blood flow influence in thrombosis

Blood flow enhances the transport of coagulation factors and blood cells to the vessel wall
injury or the artificial surface. The rate of transport (with diffusive and convective con-
tributions) is extremely important for coagulation biochemistry. Looking closely to the
characteristic kinetic, convective and diffusive time scales can be helpful to understand the
role of each hemostatic element, as pointed out by Rana and Neeves [94]. In addition, platelet
activation, aggregation and adhesion are largely influenced by the characteristics of the flow
[54, 114, 48]. Large values of mechanical SS can increase the binding affinity between the
different platelet agonists. In particular, a key event of the stress-induced activation and
aggregation is the binding of VWF to platelet membrane glycoprotein Ib. Grabowski et al.
[48] demonstrated that increasing shear rate may increase the flux of platelets to a foreign
surface not only by diminishing the thickness of the platelet concentration boundary layer
but also by simultaneously augmenting the platelet diffusion coefficient. A dependency
of platelet adhesion to shear rate is therefore present. Furthermore, a clear interaction of
platelet activation and mechanical shear has been observed at some SS threshold. Measurable
changes in the platelet response are seen when the threshold of SS is reached. This threshold
has a strong dependency on the exposure time as demonstrated in [54]. Figure 1.8 shows

the dependency of the platelet serotonin release (a measure of platelet activation) to SS
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magnitude and exposure time.
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Fig. 1.8 Platelet activation in terms of shear-related serotonin release for platelets (red blood
cells hemolysis also shown) as a function of exposure time, graph taken from [54]. Different
shear conditions for different biomedical devices are shown.

Similar studies as the one about platelet activation have been done to evaluate the influ-
ence of the flow on leukocyte adhesion that leads to T F expression. However, these pathways
are not fully understood. Another important element is turbulence that may influence species
mixing and yield high mechanical shear stresses that can, in turn result in cell damage, such
as, hemolysis or platelet activation. However, turbulence influence in thrombus growth is not
fully understood. In addition, thrombus architecture is greatly influenced by how the fibrin
plug and platelets adsorb and deposit to thrombogenic surfaces. Large wall shear stress (WSS)
may provide a "washing" mechanism for the device surface. On the other hand, low wall shear

stress regions combined with large residence times may promote thrombus growth [120, 125].



1.2 Thrombosis Biology 13

Virchows triad

Virchow’s triad is frequently used as an evaluation tool for thrombosis risk. It consist of three

risk elements that build a criterion for thrombosis [58]. Virchow’s triad components are:
* Hemodynamic changes (Stasis or aberrant flow)
* Hypercoagulatibity of the blood
* Endothelial injury/disfunction

The triad is a useful concept tool for clinicians and pathologists to understand the con-
tributors to thrombosis. In a similar way, implanted medical devices can include equivalent
criteria to evaluate thrombosis risks. De Biasi et al. [37] proposed a Virchow’s triad for

continuous-flow ventricular assist devices which considers the following aspects:
* Aberrant flow
* Anticoagulants therapy and donor variability

* Biomaterial surface reactivity

1.2.6 Inflammation and the complement system

The complement system enhances antibodies and phagocytic cells to kill bacteria. This
activity was said to "complement" the antibacterial activity of the antibody, hence the name.
It has fundamental clinical implications in the context of life-threatening tissue injury and
inflammation. Complement system is structured by the classical and the alternative pathways
(see Fig. 1.9). The classical pathway is triggered by antigen-antibody complexes while the
alternative pathway is activated by contact activation of foreign surfaces such as fungal,
bacterial polyssaccharides, lipopolysaccharides, particles and bio-material surfaces.

The coagulation cascade is related to the complement system at several levels. Thrombin,
coagulation factors X1, X, IX, and plasmin were all found to effectively cleave C3 and C5
molecules which are central components of the complement system [47]. Furthermore, the
contact system relates directly to the factors that initiate the complement system. In Table 1.2

all the interactions of the complement system with the coagulation systems are shown.

Gorbet and Sefton [47] pointed out the importance of complement system interaction
with the coagulation process when artificial surfaces are present. An inflammatory response
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Fig. 1.9 Complement system diagram from [47] (Kirschfink M).

Protein Type of interaction

Thrombin Proteolysis of C3, C5, C6 and factor B
Factor XIIa Proteolysis of Clr, Cls and C3
Kallikrein Proteolysis of C1, C5 and Factor B
Antithrombin IIT Protect RBC form lysis by mC5b-9
Bb Proteolysis of prothrombin

C3bBb Proteolysis of prothrombin

C1 inhibitor Inactivates FXIla and kallikrein

S protein (vitronectin)  Stabilizes plasminogen activator inhibitor 1
C4b-binding protein ~ Binds to the vitamin K-dependant protein S
Table 1.2 Interactions between complement and coagulation systems [47]

is observed in the presence of bio-materials. This inflammation is primarily regulated by
activation of the alternative pathway. In addition, the increased activity of the complement

system boosts leukocyte T'F expression and therefore thrombin production.

Other thrombosis elements

Leukocytes Several types of leukocytes are present in blood. Neutrophils, monocytes,
lymphocytes, basophils and eosinophils are the main five types of leukocytes that form the
immune system. Artificial surfaces interaction with Neutrophils (40 —60% of leukocytes
population) and monocytes (5% of leukocyte population) may activate these cells. One of the
most important effects of leukocyte activation for thrombosis is the expression and synthesis
of TF. Leukocyte adhesion may also participate in inflammation, therefore promoting a
feedback loop with the contact system.



1.3 Mathematical modeling: state of the art 15

Red blood cells Red blood cells (RBC) play an important role in hemostasis due to its
impact on flow conditions, which has effects on the interactions between platelets and the
surface vessel. For instance, RBC tend to move to the center of blood vessels causing platelet
margination towards the vessel surface [66]. This effect enhances the platelet adhesion at the
injury site or at the device surface. In some cases, thrombosis takes place in regimes in which
mass transport is dominated by diffusion. In this context, RBC enhanced the diffusivity of
platelets. An expression to estimate the enhanced Brownian diffusion coefficient in plasma
was proposed by Antonini et al. [10].

In regions of blood stasis and low shear stress zones in which the coagulation cascade takes
place producing high amounts of fibrin nets that trap RBC or stacked cells (RBC rouleaux)
forming the so-called erythrocyte rich thrombus (red thrombus) as explained by Cadroy and
Hanson [24]. Red thrombi are thus that form in slow flow regimes while white thrombi are
predominantly form by platelets in high shear flows. In addition, RBC membrane provide
another surface of phospholipids in which coagulation reactions can take place. For further

information about the effects of RBC in coagulation the reader is referred to [71].

1.3 Mathematical modeling: state of the art

Thrombosis modeling is a challenging task due to the multi-scale and multi-physics nature
of this biological process. Ranging in time and space from [(coagulation reactions) < 1 s,
1000 s (stable thrombus)] and [0.1 um (protein interactions), 100 um (transport effects)]
respectively as pointed by Xu et al. [123] and displayed in Fig. 1.10. In addition, the impact
of the growing thrombus on the flow and the intertwined dynamics of different biological
processes renders thrombosis modeling extremely challenging. In this section, a discussion
about the existing mathematical models is presented, highlighting the different modeling

1Ssues.
Coagulation reactions Thrombus remodeling
TF 0 I | i o
Artificial Surface ls 100 s 1000 s time
[Platelet activation] [Stable thrombus]

Fig. 1.10 Time line of thrombus formation and the main biological events that lead to a stable
thrombus.
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1.3.1 Thrombus modeling in vivo

Most of the mathematical models have been developed for in-vivo situations in which an
injury site initiates clot formation. The complexity of the models increases with the level of
details of the biological process description. For instance, a simple description may include
only the coagulation reactions in quiescent platelet-poor plasma samples. An extra level of
complexity could be added by considering platelet-limited binding reactions or fluid-structure
interaction of the growing thrombus with the flow ([43, 38, 5]). In this literature review, the
levels of complexity of the thrombus models and their applications are discussed for both in
vivo situations and for medical devices. In addition, model reduction towards applications
pipelines for both cases is reviewed.

Models for quiescent plasma, a global assessment of coagulation

In clinical practice, the global production of thrombin is evaluated in a quiescent blood
plasma. From a modeling perspective, this process is homogeneous in space and thus the
time evolution of coagulation factors can be described by a system of ordinary differential

equations (ODE):
dC;

= R:
dt ’
where C; are the biochemical species (coagulation factors) and R; are the source terms of each

(1.1)

species, that are computed according kinetic schemes that describe the coagulation cascade.
One of the first models that used this strategy to predict thrombin generation was presented by
Jones and Mann [62]. This model considers the 7 F pathway (extrinsic pathway) including 18
species and 20 differential equations that describe the coagulation reactions initiated by T'F'.
In this model, the system is solved using a Runge-Kutta integration technique. Figure 1.11
shows the numerical and experimental results using this type of approach. Good agreement
is observed in the thrombin generation curves. Models considering more complex systems
have been developed to capture thrombin production in the case of plasma with coagulation
factors deficiencies [57, 130, 90]. A kinetic model considering the intrinsic pathway was
developed by Zarnitsina et al. [129] considering the polymerization of fibrinogen. In addition,
the Tenase and Prothrombinase complex are dependent on the calcium concentration, which
contrasts with previous models in which calcium and phospholipids were assumed to be

present In excess.

It should be noted that not all the interactions taking place in the coagulation cascade
have been completely understood. In addition, the mechanistic pathways are being revisited,
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Fig. 1.11 Active thrombin as a function of time presented in [57] for numerical (A) and
experimental results (B). The curves correspond to a range of prothrombin concentrations
[0.7 uM ~ 2.1uM]. Numerical results of (C) are obtained for small variations of factor V,
showing little influence on the results.

for instance, the role of the contact activation system in thrombosis [15, 85]. Also, large
uncertainty in the reactions rates that are involved in the models [36] may hinder the predic-
tive capabilities of the kinetic models. Due to these reasons the clinical application of these
models remains controversial [56]. In contrast, for research purposes this type of modeling
is of great value in the understanding of the coagulation dynamics and to investigate the

unknown mechanistic pathways of coagulation [73].

Modeling of thrombotic elements using an analytic flow approximation

Coagulation reactions take place in the blood flow, thus the influence of convection and
diffusion in thrombosis is of great importance. In order to model this process, the vast

majority of models have used the convection-diffusion-reaction equations:

aC;
ot

+V- (C,-u) =V. (DiVCi) +R; (1.2)

where C; and D; are the molar concentration and diffusion coefficients for each species i, R;
is the reaction source term and u stands for the velocity field. Eq. 1.2 is applied for each of
the biochemical species (coagulation factors, platelets, etc). Basmadjian [13] introduced the

effects of blood flow by solving a set of partial differential equations describing the chemical
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species concentration in space and time. This model considered a single reactive event at the
vessel wall and a lumped mass transfer coefficient that can be obtained from experiments
or rigorously derived from analytic concentration profiles. Fig. 1.12 shows the Lévéque
analogy which is an idealized situation that allows to derive heat or mass distribution in

Hagen-Poiseuille flow which can be used to consider mass transport in a reactive system.

Lévéque Region Fully Developed Region
Inlet

—_——— *—pX

Concentration C,°

L Reactive Wall T

Fig. 1.12 Two transport zones as showed in [13]

Considering an analytic expression for mass transport allows a quick evaluation of gen-
eralized cases with specific transport and reaction rates. In a similar model, Kuharsky and
Fogelson [67] considered flow transport and a more complex biochemical description. The
model studies platelet activity and coagulation events occurring in a thin layer, called the
reaction zone, just above a small vascular injury. Plasma-phase, subendothelial-bound and
platelet-bound enzymes and zymogens as well as activated and non-activated platelets are
taken into account. All species in the reaction zone are assumed to be well mixed: each
species is characterized by its concentration that is tracked in time using an ordinary differen-
tial equation. Advective and diffusive transport of fluid-phase species (coagulation factors
and platelets) inside or outside of the reaction zone is modeled by a mass-transfer coefficient

computed in a similar way as in [13].

Modeling of thrombus in simple flow configurations

Fogelson and Guy [41] presented a model to predict platelet thrombi formation in a simple
configuration representative of coronary-artery sized blood vessels. Their approach accounted
for platelet adhesion and aggregation in an injured vessel using distributions of elastic links.
This method focused in platelet-platelet and platelet-subendothelium interactions considering
the flow as a continuum, thus a closure approximation is proposed to capture the essential

information from the microscale without computing interaction events explicitly. Their
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results showed that a growing thrombus can modify its subsequent growth through small
scale changes or structural breakup based on the shear-stress exerted by the fluid. A sequence

of a growing thrombus in a stenosed channel is shown in Fig. 1.13.

V4

Fig. 1.13 Thormbus growth sequence in a blood vessel from [41]. The red and yellow color
field show the platelets aggregation intensity field.

Anand et al. [6-8] developed a model to quantify thrombus formation and dissolution in
a simple cylindrical pipe for various steady and pulsatile flow conditions considering visco-
elastic properties of blood. The model included biochemical reactions until the formation of
fibrin and platelet activity. An interesting feature of this work is that platelet activity promotes
the coagulation reactions by increasing the reaction rate of certain reactions. In addition,
a critical threshold of fibrin is proposed to define the clot. Anand and co-workers treated
the clot as a highly viscous fluid to mimic momentum reduction. Thrombus dissolution was
modeled as a function of shear rate and local fibrin concentration. The model of Anand et al.
[6] was used in a simplified way by Bodnar and Sequeira [21] to study the clot formation and
growth of thrombus in the vicinity of an injured vessel wall with fair predictive capabilites.
Leiderman and Fogelson [70] presented a model that extended the work of Kuharsky and
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Fogelson [67] and explicitly modeled thrombus growth and its influence on the local fluid
dynamics; as a note, the platelet interactions are modeled as in [41]. This was the first work
that incorporated the interaction of platelet aggregation with a detailed description of the
coagulation cascade. Their results showed that the production of thrombin has a dependence
on TF local concentrations and wall shear rate. Figure 1.14 shows the two-dimensional

development of a thrombus in a blood vessel due to an injury.
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=

Fig. 1.14 Thrombus developement from [70] at different instants starting until r = 600 s

using a TF concentration of 15 fmol cm™2.

In the work of Xu et al. [123], a two-dimensional model is presented where a macroscopic
view of the flow is modeled by the Navier-Stokes equations. Microscale interactions between
platelets and coagulation reactions are modeled using an extended stochastic discrete model.
Pivkin et al. [93] developed a model for thrombus growth based on platelet aggregation.
In this model, the flow is considered as a continuum and described by the Navier-Stokes
equation, while platelets are explicitly tracked and their interactions are modeled through
specific force terms that consider platelet-platelet and platelet-wall interactions. Their results
showed that thrombus formation depends on blood velocity which correlated well with
experimental data. In a similar approach, Yazdani et al. [126] developed a model coupling
a spectral/hp element method to compute the flow with a particle-force method. On one
hand, the spectral method is used to solve the flow field and the coagulation factors transport
on a Eulerian grid and on the other hand, two-way interactions are considered between the
flow and the Lagrangian platelets description. The coagulation cascade model of [6] was
used and platelet activation due to thrombin was considered. The model was applied to a
stenosed situation and a venous flow configuration. Their numerical results align well with
experimental data of thrombus formation as shown in Fig. 1.15.
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Fig. 1.15 Platelet aggregation at high shear rates in an stenosed channel, a) view normal to the
flow b) above view, ¢) experimental and numerical results with uncertainties for normalized
platelet density. The image is taken from [126]

Thrombosis models application on complex flow configurations

The previous models were used, in general, in simple flow configurations. In contrast, other
authors have investigated thrombosis in more complex flow configurations. For instance,
Biasetti et al. [17] studied the unsteady blood flow in aortic aneurysms using both a New-
tonian and a non-Newtonian description of blood. A possible relation between vortex and
intraluminal thrombus (ILT) formation was investigated. In a following work, Biasetti et al.
[18] introduced a model in which biochemical reaction were added with a set of convection-
diffusion-reaction equations from [62]. The results showed a big influence of the flow (shear
rates and vortex) on the production of thrombin in the zones of ILT formation as shown in
Fig. 1.16. A similar approach was used by Seo et al. [101] to study infarcted left ventricles.
In this work, a correlation coefficient is calculated to quantify the spatial correlation between

the hemodynamic and coagulation metrics, showing a moderate correlation.
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Model reduction in in-vivo thrombus formation

The approaches used in the study of complex flow configurations, while interesting, remain
computational intensive for clinical intervention-planning frameworks. Ngoepe et al. [87]
pointed out that reducing the modeling complexity and considering minimal and sufficient
biological details is important for interventional planning. In this context, a reduced model
for near wall transport was presented by Hansen and Shadden [52]. This model focoused on
the micron-thick reaction layers present in aortic aneurysms. In this approach, an analogy to
the boundary layer theory is used to obtain a surface equation for reaction-rate-limited and
transport-limited applications. The general idea of this method is that in near wall regions, the
transport problem can be considered as quasi steady and thus, analytic approximations of the
flow field can be used to compute the concentrations of coagulation factors solving a surface
equation derived from the flow approximation in near wall regions. The model of Hansen
and Shadden was then applied to an abdominal aortic aneurysm geometry taken from [18]
using a reduced model of thrombin formation [91]. The results aligned well for both regimes
(reaction-rate and transport limited) outside of the entry regions and flow reattachment
points with lower computational cost. Ngoepe and Ventikos [88] presented a model for clot
development in patient specific cerebral aneurysm using a reduced model of the coagulation
cascade proposed by Wagenvoord et al. [116]. The model uses a level-set method to track the
clot phase (using the fibrin concentration as a threshold criteria), in this phase a mechanical
effect of the growing clot is considered through a porous medium model. Their results showed
that with further development, this type of approach, may be used for clinical intervention
planning. In a similar approach, Menichini and Xu [80] developed a model based on local
shear rates, residence time and platelet distribution. Shear rate was used to compute cell
adhesion and thus identify regions prone to clot formation. Residence time is considered to
bypass the complicated biochemical descriptions of the coagulation cascade. Populations of
non-activated, activated and bounded platelets are considered. Menichini and Xu accounted
for thrombus growth through a Brinkman term that depends on bounded platelets. The model
of [80] was applied in patient-specific aortic dissections to study thrombus growth in the
false lumen that is formed in this pathology [78, 79]. This strategy showed good predictive
qualities at a reduced computational cost. Some of the limitations discussed by Menichini
and Xu are related to modeling assumptions such as, geometry simplifications, rigid walls,
kinetic rates adaptation to achieve non-physiological rapid thrombus formation. The model
of Yazdani et al. [126] was further applied to study intraluminal thrombus formed in aortic
dissections in [125]. In this case, a final value problem is studied with a data driven approach

to understand the thrombus formation dynamics.
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Fig. 1.16 Vortex educed using A, criteria carrying thrombin in a characteristic counter-
clockwise trail taken from [18]

Model reduction in platelet activity

Model reduction efforts have also included platelet activity; Shadden and Hendabadi [102]
developed a platelet activation potential derived by integrating the strain rate over a La-
grangian trajectory. They applied their model to a stenosed channel showing a potential
relation between the kinematics and the chemical dynamics of platelet activation. Achille
et al. [1] formulated a predictor of intraluminal thrombus formation in abdominal aortic
aneurysms (AAA) using a chemistry-free approach. The model was based on flow criteria
(such as time average wall shear stress, oscillatory shear index) and on the platelet activation
potential of [102]. Achille et al. [1] applied the risk criterion to 10 carotid arteries and 6
abdominal aortic aneurysms for healthy and pathological cases. The results showed that
the predictor aligns well to in vivo results. However, more studies should be done to study
nascent thrombus that were not considered in the study and that are crucial for medical
practice. This type of approach can allow a quick evaluation of regions prone to thrombosis
as shown in Fig. 1.17. The work in [102] was extended by Hansen et al. [51] who compared
a Lagrangian, Eulerian and a power law descriptions of platelet activation potentials. The
Eulerian approach was modeled as a continuum quantity using the convection-diffusion
equation combined with a local platelet activation rate which is a function of the scalar stress.
The power law model was taken from [107], which was derived experimentally and applied
in an Eulerian framework. The three different models were applied to predict thrombus
formation in abdominal aortic aneurysms. In terms of model comparison, the Lagrangian
approach was twice longer to converge and showed similar activation levels as the Eulerian
approaches. In terms of thrombus formation prediction, their results showed that for AAA

geometries, mechanical activation of platelets does not play a significant role in thrombus for-
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mation and suggests that other biochemical agonist of platelet activation should be considered.
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Fig. 1.17 Spatial distributions of three flow-dased criteria for thrombosis risk. Endothelial
cell activation potential (ECAP), platelet activation potential (PLAP), thrombus formation
potential (TFP). The image was taken from [1].

1.3.2 Thrombus modeling in medical devices

A substantial number of models dedicated to device-related thrombosis have focused on
platelet activity. Sorensen et al. [109] developed a model for platelet deposition and activation
considering platelet-platelet and platelet-surface adhesion. Activation of platelets due to
chemical agonist and platelet generation of thrombin along with a coagulation inhibitor
and heparin were considered. In this approach, the velocity fields were modeled using the
Hagen—Poiseuille analytical solution in a similar manner as [13]. The model was applied
to a parallel-plate flow to observe the deposition of platelets into collagen. The deposition
predicted aligns well with experimental results. Goodman et al. [46] present a model in
which thrombus growth is handled by increasing the viscosity in mesh cells where the volume
of adherent platelets was greater than the volume of the grid. The approach also considers
platelet adhesion and platelet activation in a similar way as [109]. An interesting feature

of the model is embolization, which was tracked through the fluid forces on the growing
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thrombi that removed the thrombi from the wall when the shear force was greater than an
arbitrarly embolization threshold. Finally, the model of Goodman et al. [46] is compared
with experimental results showing good agreement for thrombus growth in a tubing with
different diameter segments. Wu et al. [120] developed a model of thrombus deposition
based on platelet activity considering the platelet activation pathways of Sorensen et al.
[109] using a continuum representation of platelets inspired by the work of Fogelson [40].
Platelet activation due to chemical agonist and mechanical shear is considered, in addition,
platelet deposition is modeled. Two platelet populations are considered: resting platelets
and activated platelets. Thrombus growth is considered through the volume fraction of
deposited platelets. In general terms the features of the model allow to study: thrombus-fluid
interaction, thrombus inhibition, stabilization, dissolution and erosion. The model of [120]
was applied to a continuous flow ventricular assist device (VAD) configuration in [121].
Their results accurately predict the regions of thrombus formation as shown in Fig. 1.18. In
addition, their simulations suggest that thrombus accumulation can increase with lower flow
rates and showed that it can be suppressed by anticoagulants or by improving the adhesive

properties of the surface.

Reduced models dedicated to medical devices

Model reduction has also been useful in device-related thrombosis. The general goal of these
models is to reduce the computational cost of detailed models in order to apply them to
complex flow configurations. A damage model for platelets was developed from an unsteady
simulation by Alemu and Bluestein [3]. In this approach, total stress and exposure time are
combined to obtained a damage model expression along pertinent trajectories (hot spots of
activation related to recirculation zones, strong jets and spiral vortices are included in the
trajectories studied). The model was applied to a mechanical heart valve. The predicted levels
of platelet activation aligned well with experimental results. Soares et al. [107] extended
the work of Alemu and Bluestein [3] in a mathematical model of platelet activation due to
stress histories. This model addressed the limitations of the power law model to account for
load rate dependence and high stress conditions while retaining the good properties of the
power law model at low stress. The model parameters were determined with experimental
data from a hemodynamic shearing device. The model results showed good agreement with
a variety of shear stress conditions which can be used in CFD simulations to reproduce
platelet activation. Taylor et al. [112] developed a simplified model for thrombus growth
following the work of Fogelson and Guy [41]. In this approach, mechanical activation of

platelets is computed using a power law expression as in Soares et al. [107]. Chemical
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Y e g

Fig. 1.18 a) Numerical simulation of thrombus formation based on platelet activity b) and c)
are clinical images. The results show significant deposition upstream of the inlet straightener
vane (zone of low WSS not shown). The image is taken from [121].

activation by ADP is calculated as in Sorensen et al. [109]. A platelet aggregation intensity
is proposed as a metric for thrombus growth. This metric depends on empirical derived
parameters of wall shear stress and scalar stress that regulate thrombus deposition and erosion.
A modified Brinkman term was added to the momentum equations thus acting as a sink in
thrombus regions in which high concentration of platelet-platelet links are present. This
model was able to predict the growth of a thrombus in backward facing step configuration at
a Reynolds number of Re = 430; the evolution of the growing thrombus is showed in Fig.1.19.

Modeling of the coagulation cascade in medical devices

As previously mentioned, thrombus formation depends on the intertwined process of platelet

activity and coagulation reactions. However, only a small amount of models have been
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Fig. 1.19 Growing thrombus at a backward facing configuration. a) axial velocity b)shear
stress. The platelet clot is represent by a white contour plot computed with a aggregation
intensity threshold. The image is taken from [112].

dedicated to assess the formation of thrombin due to coagulation reactions triggered by the
artificial surface. A specific model of the intrinsic and common pathways was presented by
Gregory and Basmadjian [49]. The model comprised 20 dominant reactions with 11 compo-
nents that were reduced to 4 coupled ODEs using Leveque’s boundary approximation. A
polynomial algebraic equation was obtained and 3 steady state concentrations for coagulants
were obtained. In this model, the coagulation cascade is initiated by the activation of factor

XII which was considered in 3 states (activated, binded to the surface and fragmented). A
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mathematical model for the contact activation of factor XII by a pro-coagulant surface was
developed by Guo et al. [5S0]. The model of Guo and colleges uses a Michaelis-Menten kinetic
mechanism simplifying the coagulation cascade of enzymatic reactions in a single enzymatic
reaction. The hypothesis of an homogeneous medium is used, only time evolution is studied.
The model was studied in two steps; first, the activation of factor X1/, as a function of a
catalytic surface potential (that variates according to the surfaces water-wettability properties)
was computed. Then, factor X/I, interacts with the rest of the cascade of reactions in the
form of a substrate. These two steps are combined to predict the coagulation time. Guo et al.
[50] concluded that the material induced coagulation is a surface mediated event thus the
coagulation time depends strongly on the surface area and on the properties of the surface.
Finally their results suggest that procoagulant surfaces have no influence in enzymatic reac-
tions other than factor X1 activation. A detailed kinetic model of the coagulation cascade
including the contact system was developed by [30]. This description was used to compute
thrombin formation in resting human blood without adding TF'. In a similar approach, [130]
developed a model including both tissue factor related reactions and the contact activation
system to compute thrombin formation in normal and deficient conditions. Before these
models appeared none of the kinetic descriptions was able to predict thrombin formation
without adding T F. It is important to mention that some other models include the intrinsic
pathway ([129, 7]). However, the initiation mechanism used by these models is T F exposure,
and thus, a straightforward application of this approaches is not possible for device-related
thrombosis.
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Conclusion

Mathematical models have addressed a wide range of biological situations with fair predictive
results. However, important biological aspects such as the contact activation system or the
complement system have been neglected. Furthermore, in device-thrombosis a gold-standard
model with the proper compromise between the biological description and computational

cost has not been found yet.

1.4 Flow solver YALES2BIO

An in-house CFD software YALES2BIO (http://www.math.univ-montp2.fr/~yales2bio/) is
used in this thesis to compute the blood flow and implement the coagulation reactions. A
general presentation of the solver is given in this section. YALES2BIO is based on YALES2,
which is an unstructured solver developed at CORIA, Rouen, France. YALES?2 is dedicated
to massively parallel computations of two-phase combustion problems [83, 84]. YALES2BIO
is devoted to blood flow simulations and inherits the YALES?2 parallel capabilities and high-
order finite-volume schemes for complex geometries. Both macroscopic [32, 104, 131] and
microscopic [68, 105, 76] configurations have been studied using YALES2BIO. Figure 1.20
shows two examples of macroscopic applications; in one case the flow inside a left ventricle

is computed [34] and in the second case the flow in an artificial heart valve is considered [106].

Numerical Method

The numerical solution of the incompressible Navier-Stokes (NS) as implemented in YALES2BIO
are explained in the following. The Newtonian fluid description is used in this work to focus
on the biochemical aspects of thrombus formation (which are already complex). It should be
noted however, that accounting for the shear thinning behavior of blood can impact quantities
that are relevant to thrombotic events such as the wall shear stress or the rate of transport of
the chemical species towards the thrombus. [7, 6]. Considering a Newtonian fluid, the mass

conservation equation and the NS equations read:

Vou=0, (1.3)

P) v f
—u—i—u-Vu:—?p—kszu—i—l—), (1.4)


http://www.math.univ-montp2.fr/~yales2bio/

1.4 Flow solver YALES2BIO 31

A)

t/T =0.65 t/T =0.75

B)

Fig. 1.20 Macroscopic examples of blood flows in A) Mechanical artificial heart valve
computation without thrombosis from [106] (Iso-surfaces of the instantaneous Q criterion is
shown). B) Velocity field inside a patient-specific left ventricle from [34].

where u is the velocity vector, p is the pressure field, p stands for the density, f is a force per
unit of mass and v is the kinematic viscosity.

The projection method of Chorin [35] is used to solve Eq. 1.3 and Eq. 1.4. Let us write the
semi-discrete form of Eq.1.3 and Eq 1.4 in time using a Euler explicit scheme:

V.u'tl =0, (1.5)
n+1 _ n \V4 n+1 o
u v u +u”-Vu' = — pp —|—vV2u"+E, (1.6)
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where ¢" is the value of a quantity ¢ at the beginning of the time step and ¢"*! is the value of

¢ at the end of the time step. A direct computation of u”*!

pn—H

step of a velocity u* using the previous time step p" as follows:

is not possible since the pressure

is unknown. To overcome this, a splitting algorithm is used that yields to a prediction

* n

At

V n
fut v =P
P

i
+ vV + 3 (1.7)

Predicted velocity u* is substracted to ! leading to:

V(pn+1 o pn>
P

't —ut = A (1.8)

At this step the predicted velocity u* is not divergence free, thus a correction step is performed.
This is done by taking the divergence of Eq. 1.8 and applying the mass conservation constraint

(V-u! =0) leads to:

A(ptl — pn Vu*
(P —p") _Vu (1.9)
P At

m+1_ p") is computed using an iterative solver of the type conjugate

The pressure increment (p
gradient. In YALES2BIO several variants of this type of solver are available. In this thesis the
Deflated Preconditioned Conjugate Gradient (DPCG) algorithm [72, 74] was used in most
computations. Finally the predicted velocity u* is corrected by the the calculated pressure
"1 using the following equation:

V(er—l _pn)

vt =ut — A (1.10)

Time an spatial integration schemes

A 4th-order Runge-Kutta scheme in time [118] is used to compute u*. The finite-volume

method (FVM) of 4th-order is used for spatial discretization.

1.5 Objectives of the thesis and chapter contents

The main objectives of the thesis are the following:

* Couple an existing detailed kinetic model of the coagulation cascade with a CFD
solver to assess thrombin production in realistic flow configurations
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* Improve our understanding of the detailed kinetic model using a global method
of sensitivity analysis

* Reduce the complexity of the detailed kinetic model to improve the computa-
tional efficiency in complex flow applications

* Couple the coagulation cascade with an existing platelet-based model of throm-
bus formation dedicated to medical devices

After this introductory Chapter 1 the thesis is organized as follows:

Chapter 2. In this chapter a numerical framework for the initiation of coagulation due to
the contact activation of blood with an artificial surface is presented. The contact activation
system was modeled through a reactive surface boundary condition. The kinetic model of
the coagulation cascade of Chatterjee et al. [30] is applied to a backward facing step configu-
ration. The objective of this chapter is to properly model the initiation of the coagulation
cascade at a surface and provide insights about the production of thrombin due to artificial
surfaces. This work was published in Biomechanics and Modeling in Mechanobiology. The
article is entitled "Introducing the pro-coagulant contact system in the numerical assessment

of device-related thrombosis" [77].

Chapter 3 explores the sensitivity of the results to the reaction rates in the model of Chat-
terjee et al. [30] using a global sensitivity method. From the sensitivity analysis, a reduced set
of biochemical reactions is proposed to model thrombin production due to contact activated
reactions. The parameters involved in the kinetic reduced model were inferred using the
Bayesian statistical framework. The aim of this chapter is to identify the most important
kinetic parameters of the model of [30] and propose a reduced scheme of reactions that in-
cludes contact activation. The reduced model could help to include the coagulation reactions

in CFD computations of device-related thrombosis in a computationally efficient manner.

Chapter 4. The platelet-based model of Taylor et al. [111] for thrombus formation was
implemented in YALES2BIO. The global objective of this chapter is to include platelet
activation by thrombin in the model of Taylor et al. [111]. This is done by including the
reduced model developed in Chapter 3 through the boundary condition explained in Chapter 2.



34 Introduction

Chapter 5. In this concluding chapter the main results are summarized and some perspec-

tives on device-related thrombosis modeling are discussed.



Chapter 2

The contact system in device-related
thrombosis modeling

This chapter corresponds to an article entitled "Introducing the pro-coagulant contact system
in the numerical assessment of device-related thrombosis" (Méndez Rojano et al. [77]) that
was published in Biomechanics and Modeling in Mechanobiology. In Section 2.1 a brief
introduction on thrombosis modeling related to blood coated medical devices is presented.
Then, a novel numerical framework that allows to properly trigger coagulation reactions at
the surface of a medical-device is developed. Finally, an academic application in a backward
facing step configuration is studied using the reactive surface boundary condition to start

coagulation.

2.1 Introduction

The use of blood-coated devices is a common medical practice to treat several cardiovascular
conditions. However, the poor thrombotic performance of some types of medical devices
remains an issue in clinical practice (Chan et al. [28], Mehra et al. [75], Hastings et al. [53]).
For instance, thrombus formation may lead to device malfunction, thrombo-embolism or
increased risk of a hemorrhagic stroke due to the anti-coagulant therapy. Thrombosis is a
complex phenomenon that involves several processes such as coagulation reactions, platelet
activation/aggregation, blood flow dynamics, among others. Furthermore, these mechanisms
interact with each other at different time and spatial scales as explained in Furie and Furie
[44]. When it comes to device-related thrombosis, the artificial wall of the device interacts
with the thrombotic processes as pointed out by Gorbet and Sefton [47]. Wall protein adsorp-
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tion (Vroman effect) drives contact activation that initiates the coagulation reactions. At the
same time, platelets adhesion and activation take place (Jaffer et al. [60]), constituting the
platelet-fibrin clot that will form the stable thrombus.

In recent studies, computational fluid dynamics has been used to predict the flow in medical
devices, whith the long-term objective of improving their thrombotic performance (Alemu
et al. [4], Piatti et al. [92]). However, most of the thrombus formation models are dedicated
to platelet activity or in-vivo situations in which no medical device is present. For instance,
numerical studies that consider platelet activity are notably focused on the characterization
of mechanical activation of platelets (Hellums [54], Kroll et al. [65], Jetsy et al. [61], Nobili
et al. [89], Shadden and Hendabadi [102]). In contrast, in-vivo models are based on a series
of reaction equations modeling the coagulation cascade, from the exposure of tissue factor to
the generation of thrombin (Sorensen et al. [109], Kuharsky and Fogelson [67], Fogelson and
Guy [42], Anand et al. [8], Seo et al. [100], Yazdani et al. [126]). Generally, in vivo models,
prescribe an injury zone determined by the user producing tissue factor and thus, initiating
the coagulation reactions (Biasetti et al. [18], Seo et al. [100]). This type of approach cannot
be used for device-related thrombosis due to the lack of a priori knowledge of the thrombotic
zone. For this reason, the models dedicated to evaluate the device thrombotic performance
have focused on platelet activity. For instance, Goodman et al. [46] developed a model
to predict device-induced thrombosis based on platelet activation (agonist induced platelet
activation as in [109] and mechanical platelet activation by shear stress). Furthermore, the
model accounts for platelet adhesion to artificial surfaces and thrombus growth by substan-
tially increasing the fluid viscosity. Taylor et al. [112] developed a macroscopic model that
includes platelet activation and thrombus growth in regions related to high and low wall shear
stress (WSS), respectively. Their model was derived from the work of Fogelson [40] with
some modifications to account for device-related thrombosis.

While platelet activity has been extensively considered, other major players like the com-
plement and contact activation systems must be included in the modeling, as pointed out by
Gorbet and Sefton [47]. Moreover, considering contact activation could provide significant
information to platelet models since one mechanism of their activation is due to thrombin
as explained in Fogelson and Neeves [43], the latter being partially produced by reactions
initiated by the contact system (Larsson et al. [69]). To the best of our knowledge, the only
model considering the interaction of an idealized flow configuration and the contact activation
system is the one of Gregory and Basmadjian [49]. In their work, a steady-state solution of a
kinetic model is analyzed. The coagulation reactions in this model include contact activation
of factor XII and the common pathway of the coagulation cascade (until factor X1,). The

model results showed significant sensitivity to the flow dynamics and surface activity. A



2.2 Materials and Methods 37

more recent kinetic model that considers the contact system in a platelet plasma kinetic
network was developed by Chatterjee et al. [30]. Their model predicts the coagulation time
of quiescent human blood samples without the action of tissue factor (TF). The results show
that coagulation is due to the combined action of factors X711, and X1,,.

In parallel, recent clinical studies have pointed at the contact activation phase as a promising
therapeutic target providing an anticoagulant strategy without increasing the risk of bleeding
(Jaffer et al. [60], Larsson et al. [69]). A model that incorporates the contact activation system
and the coagulation reactions until thrombin formation coupled with a realistic representation
of flow dynamics is thus needed. To this respect, the objective of this study is to evaluate
the potential of the contact system to initiate thrombin production. The role of the anionic
phospholipids (platelet activity), fibrin formation and fluid-structure interaction of a growing
thrombus were thus neglected, since these phenomena, although prominent in the general
thrombus formation mechanism, are not specificaly involved in the surface production of
thrombin. A surface-mediated thrombin production model is presented in a computational
hemodynamics framework. The model accounts for interaction of the blood flow with the
contact activation system and the rest of the blood coagulation cascade; it is detailed in
Section 2.2, together with the numerical method. Furthermore, the model was applied to
a device-characteristic flow configuration presented in the experimental work of Taylor
et al. [111]. To this end, a specific boundary condition was developed to mimic the contact
activation at the device surface. The results discussed in section 3 illustrate the potential of
the approach.

2.2 Materials and Methods

2.2.1 Governing equations
Fluid dynamics equations

Flow dynamics is described by the incompressible Navier Stokes equations that read

V-u=0, (2.1)

d
,o(&—'tl fu-Vu)= —Vp+uViu, 2.2)
where u is the velocity field, p is the pressure field, p stands for the density and p is the
dynamic viscosity (both assumed constant-valued). The blood was considered as a Newtonian
fluid (constant viscosity) since the objective of the present study was not focused on the

effects due to Non-Newtonian behavior of blood.
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Convection-Diffusion-Reaction equations

To account for the coagulation reactions, a set of evolution equations (one for each coagulation
factor) is solved. The equation that captures the spatial and temporal evolution of the

biochemical species is widely known as the convection-diffusion-reaction equation

d2C;
ot

+V.(Cu) =V (D;VC)+R,, (2.3)

where C; (M = mol L™! = 103 mol m—3) and D; (m? s~!) are the molar concentration and
diffusion coefficients for each species i, R; (M s~ 1) is the reaction source term (computed

according to the reactions rates presented in Table 2.1).

2.2.2 Coagulation model

A wide variety of models has been proposed to predict thrombin formation inside the blood
stream (Anand et al. [6], Leiderman and Fogelson [70], Biasetti et al. [18]). In those models,
coagulation reactions start at the extrinsic pathway by the exposure of TF. In the present
work, the presence of an artificial surface in contact with blood is accounted for by including
the contact activation system (Basmadjian et al. [14]). For this purpose the kinetic model
of Chatterjee et al. [30] is adopted. This set of reactions predicts thrombin production in
the absence of exogenous TF and starts the coagulation reactions by the contact activation
of factor X/I. Figure 2.1 shows a schematic of the coagulation model used for the simula-
tions including the contact activation system and the rest of the coagulation cascade reactions.

In Table 2.1, the 26 reactions used are listed with their respective reaction rates. The
types of reaction kinetics are of first order, second order and Michaelis-Menten. Reaction
rates for the different reactions are listed in three different columns according to their type.
The source terms R; appearing in Eq. 2.3 are deduced from the coagulation reactions. It is
important to mention that the 53 reaction rates values do not consider the platelet activity

that is also reported by Chatterjee et al. [30].

Diffusion coefficients were estimated with the correlation of Young et al. [128]. The
molecular weight of each chemical species is needed to estimate the diffusion coefficient
along with the temperature and the dynamic viscosity. For the present study a temperature of
T =25 °C and a dynamic viscosity of i = 3.71 x 1073 Pa s were used. The correlation used
considers a partial specific volume of 0.73 cm?® g~! which is assumed to be common for all

the species. The expression proposed by Young et al writes:
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Contact Activation System

vKk| i)

S ————

) R

Fig. 2.1 Schematic of the coagulation reaction network. The kinetic network is inspired from
the platelet-plasma model of Chatterjee et al. [30] without considering TF, inhibitors and
fibrinogen reactions. The dashed lines correspond to the feedback loop reactions related to
thrombin.
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D =834x10"8(T /um'’?) (2.4)

The diffusion values estimated with Eq. 2.4 are extremely small (of the order of 10~!! m?

sfl). If these values were to be used, numerical instabilities and large diffusion characteristic
times would render the convergence to a steady state solution extremely difficult. This prob-
lem has been emphasized in studies using numerical models for coagulation. This difficulty
is either overcome by refining the mesh which is hardly feasible except for 1D simulations, or
by increasing artificially the diffusion coefficients as in Biasetti et al. [18]. Here, we follow

the latter approach and multiply all diffusion coefficients by a factor of 1000.

The main objective of this work is to evaluate the potential of the contact activation
system to initiate thrombin formation. Consequently, the model did not include inhibitors,
TF and fibrin-related reactions that are included in Chatterjee et al. [30]. Finally the model
assumes an infinite number of binding sites (infinite platelet supply), as in Biasetti et al. [18].
The reader is referred to Kuharsky and Fogelson [67], Anand et al. [6] for a discussion on

the role of a finite number of binding sites.

It is important to note that the scope of this article is not to model the complete and
complex dynamics of thrombus formation. A full model must include the role of anionic
phospholipids, platelet adhesion and aggregation as in Leiderman and Fogelson [70]. Other
important players for a robust model should be included such as fibrin production (Neeves
et al. [86]), coagulation inhibitors (Zhu [130], Rice et al. [96]) or thrombus growth (solid-
fluid interaction) as model by Ngoepe and Ventikos [88]. Such a comprehensive model may
provide a good prediction tool to contribute to the optimization of medical devices. How-
ever, the potential of the contact activation system to initiate coagulation reactions is better
assessed by focusing on this mechanism alone, without including all the other phenomena

relevant to thrombus formation. This is the methodology followed in this study.

2.2.3 A boundary condition for the contact activation

To model the contact activation of factor X1/, a wall boundary condition is derived from the
species mass balance at the wall where protein adsorption takes place followed by contact
activation. The balance is obtained by integrating Eq. 2.3 over a rectangular control volume

Q (which includes a volume of fluid and a volume of wall, see Fig. 2) of surface X.
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W/ kS

in

Fig. 2.2 Mass balance around the device wall. € Control of volume, ¥ Surface envelope of
the control volume, Sub index in, s and [ stand for the inferior, superior and lateral surfaces
respectively, i height of the control volume.

Using the divergence theorem to reformulate the conservative terms and integrating over
Q leads to:

dC;
Q ot

dQ+/ —RidQ:/(DiVCi)-ndZ
Q X

—/C,-u-ndZ
by

The reaction source term R; can be decomposed into the volume (blood-phase) reaction

(2.5)

source term @; and the surface source term s; multiplied by a Dirac function 6 (which is no
zero at the device surface). The mass balance becomes:

dC;
Q ot

Q z

—/Cl-u-ndZ
z

The surface X can be separated in lateral, inferior and superior surfaces respectively ¥ =
2Y; + Xy + L. If the height A tends to zero (h — 0) the volume integrals over Q and the

surface integrals over the lateral surfaces X; are equal to zero; the inferior surface X;, collapse

(2.6)

with the device wall and the surface reaction source term can be transformed in a surface
integral over the device wall thanks to the Dirac function. In addition the convection fluxes
at the device surface are equal to zero (assuming the wall is at rest and impermeable), thus

Eq.2.5 can be rewritten as:
—/ (D,’VC,’) . nstS :/ (DiVC,') . nindZ,-n
Es Zin

(2.7)
+ / Sid¥i,
Z‘fin
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The diffusion flux inside the solid domain is zero since no species is present in the device

itself; thus one can write:

— / (Dl'VC,') . nsts = / s‘,-dZin (28)
Zx in

A boundary condition can be obtained by applying Eq. 2.8 to factor X11,. The surface source

term is obtained assuming an infinitely fast adsorption and an infinite number of binding sites

for factor X1, thus the reaction that takes places is the conversion of the near-wall factor X1/

(indexed by ) to X11,. Finally the following wall boundary condition is obtained:

aC a
DXII,,% = —kCxn, (2.9)

where k; is a material property (surface reaction rate) and the direction » is the normal
direction pointing to the blood-phase of the domain. In this study the value published
in Chatterjee et al. [30] for the activation of factor XII in a perfectly mixed environment
(volumetric reaction rate) was converted to a surface reaction rate k;. From a straightforward
dimensional analysis, one obtains kg ~ kV% where Vy 0, and Sy, are the characteristic
volume and the active surface of the experimental set up respectively. The surface reaction rate
ks =5.0x 1077 ms~! is retrieved by using Vgsen ~ 10 uL and Spgsep ~ 0.1 cm? following the
experimental values reported in Chatterjee et al. [30].A range of values was also considered

to investigate the effect of this physical quantity on the results (see section 2.3).

2.2.4 Numerical implementation and verification

Equations 4.7 and 4.8 were solved with a fourth-order finite-volume method on an unstruc-
tured grid, implemented in the in-house YALES2BIO ! solver. YALES2BIO is based on a
massivel parallel finite volume solver for incompressible flows (Moureau et al. [84]) and
has been extensively validated for several biomedical applications at micro and macro scale
(Chnafa et al. [33, 31], Mendez et al. [76], Sigiienza et al. [105], Chnafa et al. [34], Lanotte
et al. [68], Zmijanovic et al. [131]). It uses a spatial fourth-order scheme with an explicit
four-step Runge-Kutta scheme in time. The pressure term is handle with the Chorin’s
projection-correction method. Equation 2.3 was also solved using a fourth-order scheme
in space and time for each species. Several test cases were developed to verify the imple-
mentation of Eq. 2.3 in YALES2BIO. Test cases with reactions of the Michaeles-Menten
type (Michaelis et al. [81]), as well as first and second order reactions were compared against

analytic solutions. Furthermore, the results of the kinetic model introduced by Hockin

"http://www.math.univ-montp2.fr/~yales2bio/
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et al. [57] were reproduced. In this test case the reactions start with an initial condition of
exogenous TF. This allows to validate the different types of reactions that are shared by the
different coagulation kinetic schemes; for instance, reactions 1 to 13 in Table 2.1 are shared
with the scheme of Hockin et al. [57].

Moreover, a simple 1D diffusive test case involving a volume and a surface reaction
(contact activation boundary condition) without convection was specifically designed during
the course of this study. In this academical configuration illustrated in Fig. 2.3, a species
A can be either activated at the bottom wall and become A, (surface reaction rate k) or
transformed into species B in the flow domain (volume reaction rate k), whereas the upper
wall acts like an infinite reservoir at concentration C4(h) = a. In the calculations the domain
is 2D, with periodic conditions in the directions tangential to the walls. The analytic steady

state solution for the concentration of species A reads:

Cily) = o eBU=Y) (kg (e2BY —1) + BDa (14 e2BY))
AY) = ke(e2Ph —1) + BDy (1 +e2Bh)

(2.10)

where ks and k, are the surface and volume reaction rates, respectively, B = / 5—2 and h is
the channel height. Table 2.2 shows the three different operating points that were used to
verify the results.

Cases k;,ms ! ky s !

Case; 1.0x107* 1.0x10*

Case; 1.0x107* 1.0x10°

Cases 1.0x 1072 1.0x 10?
Table 2.2 Operating points. The different set of parameters (ks and &, ) used for the verification
of the code. The corresponding steady state solutions are shown in Fig. 2.3.

Figure 2.3 shows the steady state solution of species A for both the numerical and analytic

cases. An excellent agreement is obtained for all of the operating points.

2.2.5 Backward facing step configuration

Numerical simulations are performed in a backward facing step (BFS) configuration presented
in Fig. 2.4, advancing the set of reactions presented in Table 2.1. This type of configuration
involves a flow separation that several medical devices could feature and which has been
related to thrombus formation (Hastings et al. [53], Taylor et al. [111]). The step height
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Ah) =
=z 1
S |
E} A— B }
ol l
A l
A—A,

Reactive wall

Fig. 2.3 1D reaction-diffusion test case. C4 = @ = 1.0 uM, initial volume concentration
of all the species C; = 0 M, diffusion coefficient of species Dy = Dp = 1.0 x 1072 m? s !,
channel height 4~ = 0.01 m. Numerical results (Case; o, Case; ¢, Case3 0) and analytic

Eq. 2.10 data (Case; -+ -, Case; —, Cases -+ ).

hy = 2.5 mm and vessel height H = 10 mm match the experimental dimensions presented by
Taylor et al. [111].

) L =200 mm .
E—>Inlet Py H = 10.0 mm 3 Outlet
1 P |

— No slip (reactive) wall Ay = 2.5 mm I D 1 :

Fig. 2.4 2D Backward facing step computational domain. 7; are the locations of the probes
used in Figs. 2.5, 2.7 and Fig. 2.12 (P1 = (0.5,0.5), P2 = (4.0,1.5), P3 = (4.0,4.0) mm);
the step and channel heights match the experimental values of Taylor et al. [111]. The thick
black line denotes the solid boundary where boundary condition Eq. 2.9 is applied and
activation of factor XII is allowed.

The inlet and outlet conditions were placed at a distance of 10H to avoid boundary effects
on the region of interest located downstream of the step: the expected recirculation zone for
the flow regime considered (Reynolds number Re = 430 , based on the inlet channel height
and the upstream bulk velocity) is Xr = 8.9k according the results of Kim and Moin [63].
2 1

The kinematic viscosity was set to a constant value v = 3.5 x 1079 m? s~ !
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Boundary and initial conditions. The inlet velocity was set to Uy = 0.2 m s~ !

, consis-
tently with the experimental conditions described in Taylor et al. [111]. Table 2.3 shows
the initial and inlet boundary conditions factors that were taken from Chatterjee et al. [30]
and which correspond to physiological values. The boundary and initial conditions for the
rest of the factors were set to zero. One of the most important features of the simulation is
the reactive surface boundary condition, Eq. 2.9. The boundary condition for the contact
activation of factor X/ was applied at the entire wall of the computational domain (see

Fig. 2.4).

Factor Concentration (M)

VI 1.0x 1078
Vila 1.0x 10710
X 1.6 x 1077
IX 9.0x 1078
11 1.4%x10°°
VIII 7.0x 10710
1% 2.0x 1078
XII 3.4x 1077
PK 45%x 1077
XI 3.1x10°8

Table 2.3 Initial and inlet factor concentrations. Physiological values used in the simulations
taken from Chatterjee et al. [30].

Spatial and temporal resolution. Several grids were used to ensure that the simulations
yield results independent from the grid used in the calculation. Table 2.4 shows the represen-
tative cell size and the number of elements used for the computations. The simulation time
step is given by the Courant-Friedrichs-Levy stability condition which is define using the
time step At, the local velocity field # and the mesh size Ax as CFL = ’%’ < 1. The value
used in the current simulations is CFL = 0.9 which corresponds to a time step of the order
1074s.

Grid A, (um) Elements x10°

Coarse 70 367
Medium 60 484
Fine 52 646

Table 2.4 Mesh properties. A, is the representative cell size computed as in Celik et al. [27]
and the total number of grid elements (triangles) are displayed.
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2.3 Results: Backward facing step

2.3.1 Flow Dynamics

The velocity field reached a steady state solution before 1.0 s as shown in Fig. 2.5 for different

spatial point probes located inside and outside the recirculation zone.

Velocity (m s~h

|
o
—
|

0.2 0.4 0.6 0.8 1
time (s)

(=)

Fig. 2.5 Temporal evolution of x and y velocity components in different point probes.

Figure 2.6 shows the steady state velocity field as well as the streamlines that allow
the visualization of recirculation region after the step. The reattachment length X, is in
good agreement with the numerical and experimental results published in Kim and Moin
[63], Armaly et al. [11] which lead to X, = 8.9h. The comparison was performed for all the
grids used in this study. The percentage error of the coarser mesh was e,,; = 3.1% and for
the medium and fine mesh of about e,,; = 2.9% which is a fair approximation considering

the main objective of the current study.

Velocity Magnitude (m s~ ')

Fig. 2.6 Velocity magnitude with white stream lines. The reattachment length X, is shown.
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2.3.2 Coagulation cascade

In order to quantify the outcome of the coagulation cascade, the value of total thrombin
is considered (11, + 1.2mll, is a quantitative measure of thrombin activity in the system,
according to Hockin et al. [57]). First, a mesh convergence study was performed using the
mean value of the total thrombin in the computational domain. The methodology published
in Celik et al. [27] was use. The convergence grid index is used to quantify the distance of
a computed value (simulation result) to the asymptotic value estimated by an extrapolation
method using the different levels of discretization. For the finest mesh the convergence grid
index obtained was CGlipesr = 0.41% with a relative extrapolated error of e, = 0.33%, the
quantity used for the analysis was the total thrombin concentration value of a point probe
inside the recirculation region. These values ensure that the total thrombin concentration
field would not substantially change with even a finer mesh. The surface rate used for the

1

mesh convergence study was k; = 5.0 x 10~% m s~!, in order to reduce the computational

cost of the study.

Figure 2.7 shows the time evolution of total thrombin at point probes P;, P> and Pz (see
Fig. 2.4 for the location of the probes). The time response is characterized by a lag time of
about 100 s. Then, a propagation phase is observed until a small peak which evolves into a
more stable plateau close to the inlet value of I/ = 1.4 uM.

Ila+mlla (M)

0 50 100 150 200
time (s)

Fig. 2.7 Time evolution of 11, + 1.2ml1, for each point probe (see Fig. 2.4). P; is near the
wall region, P inside the recirculation zone and P; outside the recirculation region.



2.3 Results: Backward facing step 49

Figure 2.8 a) shows the concentration field evolution of total thrombin at different time
values. It can be observed that the region of largest total thrombin concentration is located
inside the recirculation zone downstream of the step. Large concentrations of total thrombin
extend further downstream at the lower wall. The numerical results are contrasted against the

experimental data in Fig. 2.8 b) and c¢) which show the location of thrombus formation.

11, +1.2mIL, (M)
p—

0 6e—7 12¢—6

t=100s

t=125s

t=150s

t=175s
c)

a)

Fig. 2.8 a)Total thrombin concentration field at t = 100, 125, 150 and 175 s. The black
dashed line represents over which total thrombin is plotted in Fig. 2.9. b) is taken from Taylor
et al. [111] showing the velocity field around the thrombus at the BFS (inside the thrombus
the velocity is not showed) c) the 3-dimensional form of the thrombus is showed, again the
image is taken from Taylor et al. [111]

The local concentration of coagulation factors inside the recirculation region is shown
in Fig. 2.9. The plot is extracted along a profile located at the half height of the step (k;),
y = 1.25 mm. It can be observed that the largest concentration of total thrombin is located at
the step wall.
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Fig. 2.9 11, + 1.2mll, concentration in the recirculation zone.

A simulation including the inhibitor AT /1] was performed as a first attempt to evaluate
the production of thrombin. Figure 2.10 shows the evolution of thrombin over the time for
probe P; and the concentration of thrombin at # = 400 s. This results were not converged
to the steady state solution due to the high computational cost. Relevant levels of thrombin
are produce to other physiological processes such as firbinogen polimerization or platelet
activation.

Thrombin concentration levels at the recirculation region are large enough to form a
stable thrombus (Biasetti et al. [18]). Furthermore, the zone with the largest concentration of
thrombin aligns well with the experimental zone in which thrombus is formed (Taylor et al.
[111]).

In macroscopic applications, flow metrics such as the wall shear stress are commonly used
to evaluate the thrombogenic performance of medical devices. Such flow quantities are
practical to use due to their low computational cost compared to a reacting flow study. It
is thus interesting to investigate how the outcome from the contact system and the wall
shear stress correlate. Figure 2.11 shows a scatter plot of the wall shear stress against the
near wall concentrations of factors X1, and X1I,. The quantities were normalized by the
maximum wall shear stress and maximum concentrations of species X/1, and X/,. Factor
X11, is clearly not correlated to WSS. Even though a clear correlation is not observed neither
for XIa, this factor takes its largest values in areas where WSS is small. At the end, these
results demonstrate that accounting for the contact system generates a physical behaviour

which cannot be properly represented by WSS-based flow analysis.
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I, + 1.2mlIL, (M)

= 6.0¢—7

0

I, M

} —P
0 o e P

T T T T T
0 100 200 300 400 500

b)

Fig. 2.10 Simulations includding inhibitor AT /1] and related reactions. a) Thrombin con-
centation at ¢ = 400 s is shown in the upper part. b) Evolution of thrombin concentration at
point probes Py and P; is shown in the lower part.

2.3.3 Parametric studies
Influence of surface Kinetics k;

As already mentioned, there is a lack of reliable data about the surface reaction rate (k;
contact activation) and this quantity may depend on the material type. The nominal value
(ks = 5.0 x 1077 m s~') was obtained from the conversion of the volume reaction rate
published in Chatterjee et al. [30], as previously explained, using a dimensional analysis
that involves the characteristic volume and the active surface from the experimental set up

reported in Chatterjee et al. [30]. To investigate how the outcome of the simulations depends
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Fig. 2.11 Scatter plot of wall shear stress and wall concentrations of factors X711, and X1,,.

on this parameter, a parametric study was performed. Six values were considered in the
range ks = [5.0 x 107,5.0 x 107'°) m s~! spanning six orders of magnitude. Figure 2.12
shows the evolution at point probe P, of factors X11,, X1, and 11, + 1.2mll, over time. In
addition, inserts in the plots display the variation of specific times of interest with respect to
kg. For 11,4 1.2mll, and X11,, the inflection point of the time evolution graphs is extracted
by fitting a hyperbolic tangent function. For factor X1,, the insert shows the time at which the
maximum concentration is reached. The thrombin generation starts earlier as the parameter
ks 1s increased. However, while five orders of magnitude are explored for the value of k;,
the impact on the thrombin generation time is moderate and the dependence appears to
be logarithmic. In addition, the total thrombin concentration fields (steady state solution)
were compared, showing no significant difference. It can be observed from the evolution
of factors X711, and X1, that the time delay present in the dynamics of these factors follow
the same trend as the one observed for /1, + 1.2ml1,. In other words, the initial delay in the
activation of factor X1/ is directly responsible for the delay in thrombin generation. While
the influence of k; on the time needed for generation of factor X/1I, is very large, this time
has to be compared with the total time needed for the rest of the coagulation cascade, which
is 10 times larger in the present case. It is important to note that when k; was set to zero the

thrombin concentration levels remained close zero (not shown).



2.3 Results: Backward facing step 53

Ila+mlla (M)

X1I1, (M)
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Fig. 2.12 Time evolution at point probe P; of total thrombin (upper), activated factor X1/
(medium) and activated factor X7 (bottom). ks =35 x 1072 (), ks = 5 x 1076 (----),
ks =5x 1077 (—), kg =5x 1078 (), ky =5 x 1072 (---), ky =5 x 10710 (- =). The
insets of 11, + 1.2mlil, and X 11, factor show the Inflection Point Time (IPT) for each k; value.
For factor X1,,, the inset displays the maximum concentration time (MCT) as a function of k;.

Influence of factor X/I inlet boundary condition.

A parametric study on the influence of of the concentration of factor X /I at the inlet of the
domain was also performed. This allows to evaluate the variability of the results to different
samples with deficient factor X1I. Table 2.5 shows the four different concentration values

that were used for this purpose.
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Case XII (uM)

1 0.306
2 0.272
3 0.17

4 0.102

Table 2.5 Factor XII inlet concentrations used in the parametric study. These values
correspond to 90%, 70%, 50% and 30% of the nominal concentration reported in Table 2.3.

Figure 2.13 shows the time evolution of factors X11,, X1, and 11, + 1.2ml1, at the point
probe P;. For each case, factor X1, reaches a plateau equal to the inlet concentration of
factor X1, as expected. The results show longer lag times for thrombin propagation as the
concentration of factor X1/ is decreased. Interestingly the maximum production of factor X1,
is increased as factor X1I concentration is reduced. This can be explained by the fact that a
larger proportion of the available factor X/ is activated by factor /1, (reaction 19) in this case,
instead of being generated by factor X11, (reaction 20). This behavior is confirmed by the
time evolution of the source term of reactions 19 and 20 (not shown) and is also coherent with
the reverse rate of reaction 19 (k33 in Table 2.1) being very small compared to the reverse
rate of reaction 20 (k3¢ in Table 2.1). The results suggest that a small amount of activated

factor X1I (contact activation) is sufficient to initiate the thrombin propagation phase.

2.4 Discussion and Conclusion

Previous studies have modeled device-related thrombosis with an approach focussing on
platelet activity (Goodman et al. [46], Taylor et al. [112]). However, the contact activation
system is a key component of the thrombotic network (Larsson et al. [69], Jaffer et al. [60])
which up to date has not been included in a complete model of thrombus formation. The
current model aims to serve as a first step towards the integration of the contact activation in
a complete macroscopic thrombus formation model specific to medical devices. The current
model was applied to a backward facing step configuration typical of medical devices.

One of the main features of the model is that it allows the initiation of the coagulation
reactions without an a priori knowledge of the thrombotic zone. The results show that a
significant amount of thrombin is generated in the recirculating region behind the backward
facing step. This could be explained by comparing the characteristic residence and chemical
times. Large residence time at the recirculating regions enhances the thrombin production

reactions. Qualitatively, the model leads to higher total thrombin concentrations in regions
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Fig. 2.13 Time evolution of point probe P; for total thrombin (upper), activated factor
XII (medium) and activated factor X/ (bottom) at point probe P;. The inlet and initial
concentrations are X1lgyg, = 0.306 uM (---), X199, = 0.272 uM (----), XIlsog, = 0.17
UM(—), X109, = 0.102 uM ().

where the thrombus formation was observed experimentally. The results also show a poor
correlation between wall shear stress and near wall concentrations of factor X/,, and no
correlation for factor X//a that is present all along the device surface. This suggests that the
WSS should be complemented with other flow metrics that quantify diffusive and convective
transports to characterize the thrombogenic performance of medical devices.

Molecular diffusivity of the species has been modified for numerical reasons (from D; ~
107" m? 57! to D; ~ 1078 m? s~1), because the proper resolution of the species boundary

layer would make the calculations prohibitive. However, it is most probably that if this
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modification has a consequence, it is only in the sense of underestimating the thrombin
generation by the contact system. First, in the main stream, convection clearly dominates,
the Peclet number is of the order 107 and 10* for the molecular diffusivity of D; ~ 10~!!
m?2sttoD;~ 108 m? ! respectively. In contrast, in the recirculation zone the results
are controlled by the competition between reactions and diffusion. Large D; values actually
underestimate the local concentration of chemical species since they are diffused outside the
recirculation region faster. The higher the diffusion coefficients, the lower the concentration
of thrombin in the recirculation region. This is illustrated by two additional simulations with
diffusion coefficient values of the order D; ~ 10~7 m? s~ and D; ~ 10~ m? s~!, which were
performed to compare the concentration values inside the recirculation region. Figure 2.14

shows the underestimation of thrombin as the molecular diffusivity is augmented.
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Fig. 2.14 Maximal total thrombin concentration inside the recirculation region for three
orders of magnitude of the diffusion coefficients (D; ~ 1078,1077,107® m? s~ 1).

An interesting feature of the present model is that it includes a material property k;
(typical to each medical device) which is a novel feature for thrombus predictive models
representing the kinetics of the contact surface reaction. A parametric study was performed on
ks showing a moderate influence of this parameter on the total thrombin generation, although
it strongly modifies the generation time of factor X/1,. This is because the characteristic time
of this later mechanism (reaction 14 in Table 2.1) is very small compared to the whole time
required to generate thrombin.

In the end, the current study focuses on the contact system as one potential player in thrombin

production. This approach could complement more complex models that consider platelet
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activity, fibrin formation and fluid structure interaction of the growing thrombus, providing a

proper initiation of the coagulation reactions in medical devices.






Chapter 3
Sensitivity analysis and model reduction

In this chapter a sensitivity analysis on the deterministic coagulation model from Chatterjee
et al. [30] is performed. The general goal of the analysis is to identify the most sensitive
kinetic parameters involved in the model. In a second part, a reduced set of reactions that
forms thrombin is proposed, using the Bayesian statistical framework to infer the reaction
rates involved in the model. One of the interesting features of the model is that it includes the
contact activation system making it suitable for application in complex flow configurations
happening in blood coated medical devices. This work has been submitted in Biomechanics

and Modeling in Mechanobiology.

3.1 Introduction

The developement of medical devices in contact with blood has been increasing over the
last years. Such devices are used to treat cardiovascular or neurovascular disorders such
as coronary artery diseases, heart valve diseases or aortic/brain aneurysms. One of the
main problems of blood-coated devices is thrombus formation which can lead to device
malfunction or thromboembolism [75, 119]. Blood clotting in devices is regulated by a series
of intertwined biological processes, such as protein adsorption, platelet activity, complement
system and coagulation reactions, as reviewed by Gorbet and Sefton [47]. These mecha-
nisms appear due to the presence of the device whose artificial material lacks the endothelial
properties of the vessel. At the material surface, contact activation of factor X1/ (zymogen of
the coagulation cascade) takes place, initiating a cascade of enzymatic reactions [124] that
produce thrombin, a key coagulation enzyme that activates platelets and forms fibrin. At the
same time, platelet adhesion and activation can also occur at the device surface, as explained
by Jaffer et al. [60]. In the last stage of the thrombus formation process, aggregated platelets
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and polymerized fibrin form a stable clot that may hinder the device performance.

Computational fluid dynamics (CFD) has been used to study the flow on medical devices
and evaluate the risk of thrombosis [127, 39]. A straightforward evaluation of thrombosis
risk can be performed using specific flow patterns, such as high shear stress related to platelet
activation [3, 102] or stasis which promotes coagulation [37]. Approaches focusing only on
flow properties do not allow to study the biochemical processes, which play a major role
in thrombus formation [43]. More exhaustive methods accounting for platelet activity, the
coagulation cascade, clot growth and its interaction with the flow have been developed for
thrombus triggered by vessel injury [70, 126]. However, only small computational domains
x ~ 100 um can be considered due to the complexity of theses models. Since a straightfor-
ward application of complicated models is not possible in the complex flow configurations
linked to biomedical devices, reduced models accounting for platelet adhesion, activation (by
chemical and mechanical pathways) and clot-flow interaction have been developed [112, 121].
Nevertheless, thrombin produced by the coagulation cascade triggered by the contact system

has not been considered in a model of thrombus formation in devices.

The contact activation system has already been considered in kinetic models of the
coagulation cascade [30, 130]. The kinetic descriptions have been used in CFD models to
study thrombin formation triggered by the device wall in a typical flow configuration by
Méndez Rojano et al. [77]. However, a straightforward coupling with platelet-based models
is challenging due to the large number of reactions present in the kinetic models and the
large physical time that must be computed in a thrombus growth process. Another issue is
the large uncertainty in reactions rates due to non-standardized parameter characterization or
variations among different subjects [36]. The uncertainty related to the kinetic models may
lead to poor results in thrombin production as explained by Belyaev et al. [15].

Parameter uncertainty and kinetic model reduction have been addressed for models of
thrombus generation initiated by Tissue Factor exposure which is related to endothelial
damage. Danforth et al. [36] performed a sensitivity analysis on the kinetic model of Hockin
et al. [57] to evaluate the sensitivity of thrombin generation to the 44 reaction rates that
are present in the model. The model sensitivity was assessed using the one at time (OAT)
methodology with linear spaced variations between 10 to 1000% of the normal reported rates
value. The model outputs were evaluated at eight different instants which characterize the
different phases of thrombin generation (initiation, amplification and propagation). Danforth

and coworkers found that the model was especially sensitive to uncertainty in five parameters
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involved in the formation of the TF — VIla complex which takes place at the initial part of
the coagulation cascade. The authors suggest that improving the accuracy of the reaction rate
measurement can improve the predictive capabilities of the kinetic model. In terms of model
reduction, Wagenvoord et al. [116] showed that a model with a small number of reactions
can reproduce the thrombin generation curve if it includes the basic mechanism of thrombin
formation: initiation, amplification and propagation. Papadopoulos et al. [91] developed a
minimal model for thrombin formation based on experimental data including these essential
mechanisms. Reduced-order models allow computations in complex flow configurations.
For instance, Ngoepe and Ventikos [88] used the reduced model of Wagenvoord et al. [116]
to simulate thrombosis growth inside a cerebral aneurysm.

In the present work, a sensitivity analysis and a Bayesian inference method are used
in device-related kinetic models. First, the kinetic model of Chatterjee et al. [30] initiated
by the contact activation system is studied using a global screening technique that allows
to identify the most sensitive parameters. Then, a reduced chemical model triggered by
contact activation of factor X1/ is proposed. The optimal parameters of the reduced model are
obtained using a data-driven Bayesian statistical framework to find the optimal parameters
used in the reduced model.

3.2 Methods

3.2.1 Plasma Samples and TGA

Thrombin generation assay (TGA) was used to measure the evolution of thrombin concen-
tration in time after coagulation was triggered by the contact activation system. Developed
by Hemker et al. [55], the Calibrated Automated Thrombogram (CAT) is a test mainly used
in hemostasis research to study the hemostatic profile. This method is time-consuming and
suitable only for a small number of samples when compared to routine clinical tests which
assess the first traces of thrombin (after coagulation is triggered) about 12 seconds for QT or
32 seconds for APPT for a normal plasma. In contrast, TGA assesses thrombin generation
until 60 minutes and allows a better characterization of the coagulation cascade throughout all
its phases initiation: amplification and propagation. Any traces of thrombin will cleave to a
specific substrate Z-Gly-Gly-Arg-AMC into a flurogenic form, detected by the thrombogram.

Samples: Biological assays were performed with pooled citrated platelet poor plasma (PPP)
from healthy donors pooled normal plasma (PNP) [obtained from Cryopep, Montpellier
France] to avoid any polymorphism factor. The plasma pool was diluted with thrombin
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immunodeficient plasmas (qualified activity lower than 1% Siemens Healthcare, Erlangen,
Germany) to obtain different final concentrations. Silica was used to trigger the coagulation,
mixed with rabbit cephalin in STA-PPT A from Stago, Asnieres-sur-Seine, France.

Calibrated automated measurement of thrombin generation: Thrombin generation
was determined in PPP using Fluoroscan Ascent (Flucakit, Thrombinoscope, Synapse BV,
Maastrich, The Netherlands) according to the method described by Hemker et al. [55]. 80 uL
of plasma were mixed with 20 uLL of STA-PPT A and 20 uL of fluorescent reagent, FlucaKit.
This reagent contains calcium chloride (necessary to trigger the coagulation cascade) and
a mixture of fluorogenic substrate (Fluo-Substrate) and FluoBuffer. Thus, fluorescence
intensity was detected at wavelengths of 390 nm (excitation filter) and 460 nm (emission
filter), every 20 seconds. Each individual sample is analyzed with a thrombin calibrator as
reference for a stable thrombin activity of 600 nM. The calibrator enables the conversion of
the fluorescence signal into thrombin concentration. The signal is treated to correct inner
filtering effects, substrate consumption and abnormal plasma color. Analyses were conducted,

on Immulon 2HB round-bottom 96-well plates (Stago - Asnieres-sur-Seine, France).

3.2.2 Detailed coagulation model

Sensitivity analysis is performed on the model introduced by Chatterjee et al. [30]. The

model includes 37 reactions and 63 reaction rates and features:

* Initiation by the contact activation system considering factor X// auto-activation,
reciprocal activation (by Kallikrein) and auto-hydrolysis (by factor X11,),

* Extrinsic and common pathways following the model of Hockin et al. [57],

* Inhibition including Antithrombin (AT III), Kallikrein inhibitor K;,;, and C; inhibitor
Clin.
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The TGA experimental data generated in our laboratory was use as a test case for the
model of Chatterjee et al. [30] with some modifications related to our experimental setup.
The inhibition by corn trypsin inhibitor was suppressed since it was not used. The initial
trigger reaction activation of factor X/I (reaction 20) was modified, the original value in
[30] is fitted using their specific experimental. Fibrin related reactions were not included in
the model to reduce the computational cost of the model when performing the sensitivity
analysis. The reactions of recombinant factor VII activation by thrombin (/1,) were not
used since it is not present on PPP. Note that these modifications drastically improve the
numerical-experimental comparison in the thrombin generation test cases considered in this

study.

A system of ordinary differential equations (ODE) can be written from the biochemical
reactions of the kinetic model (Table 3.1). The ODE system writes:

dGC;

=R; 3.1
7 i (3.1
where C; is the concentration of species i and R; is the source term which is obtained by
applying the law of mass action to the coagulation reactions of Table 3.1. As an example the

source term of Kininogen K is developed as:

dCxk
—— = — k41Cx — k37Cx;C k k20)Cxrr—
o 41Ck — k37Cx11Ck + (k3g + k39)Cx11=k 3.2)

+ 2ka0CpxCk + k36Cx11,=PK

The solution of the system is computed using an integration Runge-Kutta scheme of the 4th
order. This numerical scheme was implemented in the in-house CFD solver YALES2BIO'.
YALES2BIO has already been used in coagulation problems by Méndez Rojano et al. [77]
and other cardiovascular flows in micro [105, 68] and macro [34, 131, 106] scale applications.
Table 3.2 shows the initial concentrations used in the numerical simulations which correspond
to the initial conditions of the thrombin generation assay.

In addition to the concentrations of species, which are patient-specific, the coagulation model
is governed by 63 reaction rates (see Table 3.1). The reaction rates are derived from reactions
observed under experimental conditions of saturating phospholipid concentration. Most of
the kinetics models are build upon reaction rate values reported in literature [62, 130, 129].
Additional fitting is in general required due to non-physiological conditions in which some

parameters are derived or extensively modified proteins which are used to obtain the parameter

"http://www.math.univ-montp2.fr/~yales2bio/
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value [57]. For this reason, reported values in different kinetic models sometimes present
large variation. For instance, in factor X/ activation reaction rates can be found in literature

with a difference up to 5 orders of magnitude as highlighted by Belyaev et al. [15].

Factor Initial Condition [nM]
Vil 6.67
Vi, 0.667
X 106.67
IX 6.0
11 933.0
VIII 0.4667
Vv 13.33
TFPI 1.667
ATIII 2267.0
XI1I 226.7
PK 300.0
Cliu, 1667.0
XI 206.7
o ATIII 30000.0
o ATIII 667.0
BocVPRMCA 6670.0

Table 3.2 Factors concentrations based on TGA (concentrations are calculated after sample
mixing with fluorescent reagent and using the values reported by Cryopep, Montpellier
France) used as initial conditions in the numerical simulations.

Figure 3.1 shows the numerical and experimental data. The numerical set up here pre-
sented was used as a nominal reference for the sensitivity analysis. A reasonable agreement

between the experimental TGA and the kinetic model of Chatterjee et al. [30] was obtained.

3.2.3 Morris Sensitivity Analysis

A full sensitivity analysis across the full range of parameter variations is prohibitive for
this model, due to the large number of parameters and the large variation on the parameters
values. As a consequence, a more simple screening technique is preferred, as commented
in Danforth et al. [36]. The screening method of Morris [82] allows a fast exploration of a
model through the discretization of the input parameters. This type of method is well suited
to models with many parameters and a good compromise between accuracy and efficacy

has been reported [59]. The general idea of the Morris analysis is to calculate a number of



66

Sensitivity analysis and model reduction

1077Expe1rimental

50 200 400
time (s)

Fig. 3.1 Experimental results of thrombin generation assay (left) and numerical simulation
using the kinetic scheme of Table 3.1 with the initial conditions of Table 3.2.

elementary effects for each input parameters and to compute basic statistics to identify the

most sensitive parameters. In order to compute the elementary effects a discrete grid is built

on the input variables and explored with an efficient sampling technique. In the current work,

the python module SALIB ? that follows the optimized version of the Morris method by

Campolongo et al. [25] was used. The practical steps that were performed to conduct the

analysis using the model of Chatterjee et al. [30] are the following:

1. Choice of discrete grid and sampling: a discrete grid on the p = 63 input variables is

built with [ probability levels uniformly distributed between [0, 1]. In this analysis 10
levels of discretization were used. Inside the input domain a number of trajectories r
has to be determined in order to cover the input parameters space in an efficient manner.
In the original method of Morris [82], the trajectories starting point is chosen randomly,
then consecutive one-at-a-time increments are performed in the discrete grid with a
random direction. To perform an optimal coverage of the input space, the optimized
strategy of Campolongo et al. [25] was preferred in this analysis. In the optimal
strategy, the dispersion of the starting points is maximized through the generation of
several Morris trajectories (in this case 7y, = 500). Then the most spread optimal
trajectories are kept, for this case r = 10. The total number of experiments is then
defined by M = r(p+ 1) thus, for the current model, M = 640 TGA simulations were
required.

Zhttp://salib.readthedocs.io/en/latest/api.html
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2. Mapping of parameters to actual distribution: once the sampling is performed a Design
of Experiment (DoE) matrix with parameters between O and 1 is obtained. A quantile
function is applied to transform the parameters to their actual values. This is a common
practice in several screening strategies [98]. In our analysis, a log-uniform probability
distribution is used for all the input parameters. This choice was motivated by the large
parameter variations reported in the literature [56]. In addition, the actual distribution

for each reaction rate is not available in literature. The quantile function used writes

0(zi) = Cinf.i (Csum) | (3.3)

Cinfi

where [cinf,i;Csup,i] is the distribution support and z; is the sampled value of the i
parameter (between [0,1]). To guarantee that the mean u; of the sampled parameters

coincides with the nominal input value k;, the superior and the inferior support values
must be estimated. To do so, the support ratio = E‘L;” is introduced in the log-uniform
mean expression Ui = (Csup,i — Cinf,i)/ (l0g(Csup,i) —L0g(Ciny,i)). Imposing u; = k; then

leads to cjpr;i = kil%f@ and cgyp,; = Bcins,i- In the current analysis, B was set equal to

100 which translates in parameters variation of about 4.5% — 450% of each parameter
nominal values. Two trajectories in the (k3,k7) plane are displayed in Figure 3.2 to
illustrate the method.

4.6 x 108

R
®

®
~

k7 discrete levels

4.6 x 106 —
348 2701
ks discrete levels

¢
34887

Fig. 3.2 2D parameter grid, the levels are mapped using the log uniform distribution. Two
trajectories are shown as an ilustration of the OAT random advancement.
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3. Solution with YALES2BIO and Quantities of Interest (Qol) post-processing: The DoE
simulations were performed using YALES2BIO with a fixed time step of At = 1 x 10~*
s. Post-processing included the extraction of the Qol from the thrombin formation
curve. The Qol used in the sensibility analysis are shown in Fig. 3.3. The five Qol are:

(@) 1(17,=10.0nM) = liag" the instant at which the thrombin concentration reaches 10
nM,
(b) the maximum value of thrombin concentration max(I1,),

(c) the ascending slope m; defined from the lag point (;4¢,/1, = 10.0nM) and the

maximum peak point (t,,4,max(I1,)),

(d) the descending slope m; defined with the maximum peak point (,,,4x,max(11,))
and the descending point at (¢4, /I, = 10 nM) where ¢, is the instant at which the
concentration of thrombin falls bellow 10 nM,

(e) endogenous thrombin potential (ETP) which stands for the area under the curve

representing the total thrombin produced.

max(I1,)

11, (M)

0.5 |

T . T T
0 100  [lag Imax 400 ! 600
time (s)

Fig. 3.3 Variables used in the sensibility analysis: #;,,, max(Il,), my, my, ETP.

4. Elementary effects and sensitivity indices: the OAT incremental ratios allow to compute
elementary effects of each parameter following Campolongo et al. [25]:
oSG+ 8) - f(X))

Ei= 5 (3.4)
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where X is the input parameter, j is the index of the input parameter, i stands for the
repetition, &; is the variation value and the function f represents any of the five Qol

from the thrombin generation curve. Two sensitivity coefficients are calculated [25]:

. ,u}‘ = %Zle | E ; | is the mean of the absolute value of the elementary effects

, 2
c 0 =4/1Y0, (E; —% leE;) is the standard deviation of the elementary

effects.

From the sensitivity indices distribution a quick identification of three different groups

of parameters can be done depending on their impact on the Qol:

» parameters with little or no effect (low /.L}k and o),
* parameters with a strong linear dependency or an additive effect (large /.L]’f),

e parameters with non-linear and/or interaction effects (large 7;),

With this classification the most sensitive parameters can be identified. In some cases, the
sensitivity analysis can identify predominant reactions and contribute to reduce the complex-

ity of the models, as discussed in Section 3.4.

3.2.4 A reduced model of coagulation initiated by contact activation

Wagenvoord et al. [116] proposed a minimal reaction mechanism of thrombin formation
triggered by factor V11,. The reduced model included reactions of the extrinsic and common
pathways and can thus be applied in cases were TF is the initial mechanism. In this model,
14 parameters including 9 kinetic constants and 5 initial concentrations of coagulation factors
must be optimized in order to correctly reproduce experimental trends of thrombin formation.
It is worth mentioning that in reduced kinetic models, the species maybe fictive species and
the optimal initial concentrations of factors are not representative of the actual concentrations
in blood plasma. However, these models have been successful to reproduce thrombin forma-
tion triggered by the extrinsic pathway. In the current work a reduced model for thrombin
production initiated by contact activation is proposed. The minimal reaction mechanisms
consist of 5 reactions that are triggered by activation of factor X1/, the reactions are listed on
Table. 4.6. The model includes 8 reaction rates and 8 chemical species. The amplification
and propagation phases are performed by the auto-activation loop through the activation of

factor V,, this mechanism also appearing in the model of Wagenvoord et al. [116]. Finally,
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11 %4
k 1 Km2 kcat2 Km4 kcat4
X1 X1, V.,
Km3 kcat3
11,
ks
ATIII ATIII =11,

Fig. 3.4 Reduced model for thrombin generation triggered by the contact activation system.
The notation K,,,;, k¢4 1s used for reaction following Michaelis—Menten kinetics while k; are
first order reactions.

inhibition of thrombin is due to the activity of ATIII. Figure 3.4 shows a schematic of the

model with the corresponding kinetic parameters.

‘ # ‘ Reaction ‘ K, M ‘ kear 81 ‘ ks1 ‘
1 XII — XII, ky
2| XIL,+1I— I, +XII, Ky | kear
3 1, +V —11,+V, K3 kear3
4 Vo+1I —V,+11, K4 Keara
5|11, +ATIII — 11, = ATIII ks

Table 3.3 Reduced kinetic model for the coagulation cascade showed in Fig. 3.4. Reactions 1
and 5 are first order reaction, reactions 2, 3 and 4 follow Michaelis—Menten kinetics.

The kinetic model C = .#(C,t) can be represented by a system of ordinary equations
that can be solved using a classical numerical scheme. The ODE system writes:
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Cxir —k1Cx1r
Cxila kiCxir
: kearaCv,Cri - kearnCx11,Cri
C 4 — 4 —ksCy C
11 K11 Cot Kot Ch sCi,Carinr
- kearCx11,Crr . kearaCv,Crr
C 4 4 —ksCy C
Ila | Kt Kotcy oCuCarm
& kear3sCr, Cv
v K3 +Cy
C kcat3C11aCV
v K3 +Cy
Carur —ksCr,Catinr
Carii-1i, ksCr,Carin

Parameter values should be optimized to compute thrombin formation with a reasonable
agreement with reference data. Here we use the experimental data generated by TGA

triggered by contact activation.

3.2.5 Bayesian parameter inference

The proposed reduced-order coagulation model depends on a set of parameters which need to
be calibrated. The idea behind this parametric calibration is to adjust the unknown parameters
in order to lower the discrepancy between the numerical prediction and some indirect and
imperfect (experimental) observations of the system. This is a computational burden because
the model is nonlinear and brings in unknown relatively high-dimensional parameter spaces.
Model inversion in the presence of measurement errors must typically take advantage of
some type of regularization (e.g., Tikhonov regularization) in order to recover the existence
and uniqueness of solutions or a robust optimization method [12]. A potentially more natural
setting is the Bayesian statistics. The Bayesian statistical framework can be explained as a
systematic use of probability dedicated to decision-making when using a model with uncer-
tain parameters. It is advantageous because it allows the specification of a prior distribution
which expresses probabilistically what is known about the parameters before observing the

data. In this study, a Bayesian inference technique is used to obtain the optimal parameters
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involved in the model that allow to capture the thrombin formation curve. The parameters to
be inferred are the 8 reactions rate and the initial concentrations of species X11, V and AT111,
i.e. a total of 11 quantities.

This approach is used in inverse problems and relies on posterior sampling techniques. Thus,
a prior distribution of the parameters to be calibrated is necessary, so that the estimation pro-
cess delivers a probabilistic characterization of the parameters. In this work, a Markov-Chain
Monte-Carlo algorithm is used considering the input parameters as random quantities that
are sampled according to the posterior distribution.

A significant amount of literature exists on the Bayesian inference method. In the
following, the work of Xiu [122], Birolleau et al. [19], Andrieu et al. [9] is used to present the
steps of the parameter inference. In the Bayesian approach, a vector of unknown parameters

is considered

k= (kl ’ Km27 kcat27 Km3 y kcat3 ’ Km47 kcat47 k57

3.5
X1t , Vinit ;AT H it ).

The parameters are treated as random variables with a prior density distribution ﬁprior(k). In
the current inference procedure, log-uniform distributions were assumed as prior distributions
for all the parameters. Observations of the Qol are necessary to perform the inference process.
In this application, the observed variables d € R"4 are the experimental measurements of the
thrombin generation assay or the numerical results of the detailed kinetic model at n; discrete

time instants Cyz, (n;).

The Bayesian formula, involving conditional probabilities, can be applied as in Birolleau
et al. [19] to obtain the parameters posterior distribution considering the reduced model, the

prior parameters distribution and the experimental observations

Tpost (k|d) o< 70y (d|k) Torior (K), (3.6)

where 7;(d k) is the likelihood function that combines the experimental data with the forward
model and

Ttpost(k|d) the desired posterior density of the parameters. The initial concentration of
prothrombin is not inferred, thus the physiological condition of pool plasma is used in the

reduced kinetic model, /I = 933.0 nM. Following Xiu [122] assuming additive measurement
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noise € and mutually independent random variables, one can write:
d=9(C)+€e€=9 (A (k,))+E, (3.7)

where # : R™ x R™ — R"c*" ig the deterministic forward model, ¢ : R"c*" — R"d
is an observation operator that relates the model solution C with the reference discrete
concentration of thrombin d and 7¢ is the prescribed noise distribution of €. More specifically,
in our case, the likelihood function can be expressed as follows:

7 (d|k) = ﬁns (d(i) —g(///(k,r“)))). (3.8)
i=1

The likelihood function contains a stochastic source term that must encompass the response of
the deterministic kinetic model over the support of 7,05t (k|d). Since the posterior distribution
does not have in this case an analytic closed expression, posterior moments, expectations
or maximum a posteriori values must be estimated via sampling methods such as Markov
chain Monte Carlo (MCMC) as explained in Andrieu et al. [9]. The posterior sampling of
the parameters is handled thanks to a standard Metropolis-Hastings scheme [53]. In our case,
it requires many model realizations (about twenty thousand), which is not penalizing as the

reduced-order model is not computationally demanding.

3.3 Results

3.3.1 Sensitivity Analysis of the full coagulation model

The first aspect of interested is the robustness of the detailed coagulation model of Chatterjee
et al. [30] initiated by contact activation. Figure 3.5 shows the results of the sensitivity
analysis using the screening Morris method for each quantity of interest. The basic statistics
of the elementary effects o; and ;,L}k are computed using the thrombin concentration of the
640 simulations.An arbitrary threshold of 30% of the largest value of both sensitivity indices
is used to keep apart the sensitive parameters.

The important parameters identified for the time lag 7;,, (Fig. 3.5a) belong to the intrinsic
pathway; activation of factors /X (reaction 35) and X/ (reaction 29) have large impacts on

Tag-
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Fig. 3.5 Morris analysis for each Qol 0; and u; are computed. The rectangle represent the threshold retention
zone, the parameter with effects larger than 0.3 x max(c;) and 0.3 x max(u}) are considered relevant. A
histogram showing how many Qol are sensitive to each parameter is also shown (bottom right).
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The parameters relevant to max(11,) are reactions rates involved in the activation of factor
11 (Fig. 3.5b). In addition, thrombin inhibition due to AT 11 presents a large influence on the
maximum value of thrombin. The ascending slope m1 (Fig. 3.5¢) shows a large influence
to reaction rates involved in reaction 12 which is formation of mlI, by the Prothrombinase
complex. Furthermore, reaction rates involved in the intrinsic pathway, activation of factors,
X1,,IX, X and VIII, showed to be important for m; for instance.
The descending slope of thrombin evolution my (Fig. 3.5d) is mostly influenced by the
thrombin inhibition activity of AT'/II and by the production of mll4 and /1, in reactions 18
and 20, respectively.

Finally, the results on ETP (Fig. 3.5¢) show that the most influential parameters are
involved in the inhibition activity of AT’ /1] by means of complex formation with /1, and ml1,.
Reaction rate kp¢ which is involved in the conversion of ml1, into 11, is also relevant to ETP.
The histogram shows that the conversion of m/1, into /1, determined by k¢ is relevant to all
the Qol. In a similar way, inhibition activity by AT I due to parameter kg is important for 4
Qol, excluding only 7;,,. Six reaction rates are sensitive to at least three Qol, the majority of
these parameters are involved directly in the production of /1, with the exclusion of parameter
keo which is involved in the activation of factor X by IX,,.

The parameters identified by the sensitivity analysis are consistent with the nature of the
Qol. It is important to note that the results were verified using a second strategy for global
sensitivity analysis. To do so, the Sobol indices using a Stroud quadrature of the level P =2
were calculated as in [108]. This sampling method requires few points to approximate the
central moments of the joint probability distribution. In this case, 126 simulations were
performed. Sobol indices are a variance-based method of global sensitivity analysis that can
identify the parameters that cause large variation on the output of a given model. Figure 3.6
shows the Sobol coefficients of the 63 parameters for f;,,. The parameters marked with a
x are the parameters with with large variance. A remarkable consistency with the Morris

method is observed for all the QoI (results for the 4 remaining Qol are not shown).

3.3.2 Reduced model for thrombin generation

Whatever the confidence we have in a coagulation model, it can only be used in CFD if its
computational cost remains tractable. As a result, model reduction is particularly useful to

build coagulation models with a limited number of species. Of course, such models involve
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Fig. 3.6 Sobol coefficients of the 63 parameters for #;,, calculated with 126 Stroud data
points, with Legendre Polynomials. Coefficients marked with x are responsible for 80% of
the output variance

new parameters whose values need to be determined using reference data sets.

Eight thrombin generation assays initiated by contact activation were conducted to obtain
the data sets relevant to thrombin. The mean of these thrombin formation curves was used to
perform the Bayesian inference assuming a 4 % of observation uncertainty. Optimal parame-
ters obtained after 20,000 MCMC (Metropolis-Hastings sampling algorithm) iterations are
listed in Table 3.4. Figure 3.7 shows the experimental data and the numerical results using
the Bayesian optimal parameters in the reduced coagulation model. Numerical results using
the Bayesian optimal parameters aligned well with TGA experimental data.

To evaluate the predictive capabilities of the proposed reduced model, the initial condition
of factor /1 was varied. Figure 3.8 shows both the numerical and TGA results for three
prothrombin concentrations. The three cases correspond to the physiological condition
Cr1 = 933.0 nM, 50% and 15% of the physiological values, respectively. It can be noticed
that both cases at low prothrombin concentrations are shifted with longer lag times than
the TGA data. In addition, the amplitude of the /1, curves is, in both cases, smaller than
the experimental results. However, the numerical results reproduce fairly well the trends of
thrombin formation, demonstrating the good predictive capabilities of the reduced model
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km, | 8.25x1077
ks | 7.79x 1073
Cxir | 9.36 x 10711
Cv 6.2x 1077
12 | Carpr 1.665 x 10_6
Table 3.4 Optimal parameters obtained from Bayesian inference; the initial concentration of
prothrombin C;; = 933.0 nM is not infered.

# k optimal
1| K 6.4x 1073
2 | kear, 8.21

3| km | 895x107°
4 | kea; | 3.5%x1073
51 kmy | 20x107°
6 | keas, 4.98
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Fig. 3.7 Mean of the eight TGA data sets for physiological data and numerical thrombin for-
mation using the reduced model (Fig. 3.4) with optimal parameters from Bayesian inference.
The error bars represent the variance of the TGA data sets. The optimal parameters were
obtained after 20000 MCMC iterations.

using the Bayesian optimal parameters.

The inference process was also performed using as a reference the numerical data from
the detailed model of Chatterjee et al. [30] assuming an uncertainty on thrombin concentra-

tion of 4 %. Table 3.5 shows the values of the inferred parameters. This approach can be
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Fig. 3.8 Experimental TGA and numerical data using the reduced model with optimal
parameters of Table 3.4 for a range of factor /7 initial concentrations, 100% =physiological

PPP concentration, 50%, 15%)

applied to more general cases in which the experimental conditions differ from the TGA

samples previously presented.

# k optimal

1 ki 1.2x1073
2 | kean, 0.28

3| km | 3.72x1077
4 | keas | 77%x1073
5| kmy | 6.4x10710
6 | keay 7.01

7| km | 954x1077
8 ks 9.88 x 10°
9 | Cxiy | 791 x 101
11| Cy 1.8x 1078
12 | Carpr | 1.977 % 1076

Table 3.5 Optimal parameters obtained from Bayesian inference using the numerical data
of the detailed model of Chatterjee et al. [30]. The initial concentration of prothrombin

Cy;r = 933.0 nM is not infered.
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Figure 3.9 shows the thrombin generation curves using the inferred parameters of Ta-
ble 3.5. A lag time between the model of Chatterjee et al. and the reduced model is observed

for the case of 15% prothrombin initial concentration. A good trend is however observed in

the reference and 50% cases.
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Fig. 3.9 Numerical results of the detailed model of Chatterjee et al. [30] and numerical data
using the reduced model with optimal parameters of Table 3.5 for a range of factor /7 initial
concentrations, 100% =physiological PPP concentration, 50%, 15%)

3.4 Discussion

In this work, two kinetic models of the coagulation cascade initiated by contact activation
with a different level of complexity are used: a full reference model from the literature and a
reduced model introduced here for the first time. First, the Morris [82] method for sensitivity
analysis is applied to the existing detailed model of the coagulation cascade initiated by
the contact activation system. This screening technique allowed the identification of the
parameters that have a significant impact on the model Qol’s. The kinetic rates that had
the largest impact on the time before the reactions take up 7, are involved in the intrinsic
coagulation pathway (ks7,kss,ke0,ks6,ka8,ks9). Interestingly, the reaction rate k3o which
is implicated in the contact activation of factor X1/ does not have a significant effect on
liag> thus suggesting that its role is only to trigger the cascade of reactions. This results are
consistent with the numerical results of Méndez Rojano et al. [77] in which a parametric
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study on the activation rate of factor X1/, showed a limited impact on thrombin formation.
This effect may explain the difficulties of developing a full non-thrombotic material since

reducing the contact activation rate does not help to reduce the thrombin concentrations levels.

The ascending slope m; is particularly sensitive to ksy which is involved in the auto-
activation of factor X/. In addition parameters kg, and kg3 participating in the formation of
thrombin and activation of factor VIII showed large impact on this Qol. For the other quanti-
ties max(11,), mp and ETP, the reaction rates that were identified correspond to reactions that
are directly involved in the production of thrombin or the inhibition activity of ATII1 (kye,

koo, ka3, kaa, k13, k19).

To verify the results, another sensitivity analysis using the Stroud sampling quadrature
and the Sobol indices was performed and the results were qualitatively confirmed for all the
Qol’s. In the histogram showed in Fig. 3.5, parameter ko was identified to be important for
all the Qol. Reaction rate k¢ is sensitive to four Qol except for 7;,,. These findings align
well with the sensitivity study of Danforth et al. [36] on the coagulation model triggered by
TF = VII,. Danforth and coworkers found that the thrombin formation levels were sensi-
tive to variations on reaction rates kg and k. Many reaction rates identified by Danforth
participate in the initiation phase of the extrinsic pathway. In the current work reactions
rates k57, ksg and kss participating in the intrinsic system have a considerable impact on the
Qol’s 7,4, and my. Finally, six reactions rates were found to be important to three output
variables, ki3, k19, ko4 which are involved in the production and inhibition of m/I, and ke
which participates in the activation of factor X by IX,. A better experimental characterization

of these six reactions may lead to an improvement in the robustness of the model.

As pointed out by Ngoepe et al. [87] thrombosis models should be sophisticated enough
to provide precious clinical information with a reasonable computational cost. To tackle this
challenge in the context of deviced-associated thrombosis, a reduced model for thrombin
generation triggered by contact activation of factor X/I is proposed. This model allows
for the characterization of the patient thrombin formation profile with a minimal reaction
mechanisms. The reduced model was constructed based on previous reduction approaches
[116] and by substituting the extrinsic pathway with the contact activation system. The
sensitivity results also guided the construction of the reduced model. For instance, the
sensitivity analysis showed that formation of thrombin and meizothrombin by factor V,, had
an important role by means of parameters kg, k19 and kg. In addition, inhibition activity of

AT11 showed to be relevant through parameters k¢ and k4. Thus, these two mechanisms
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were incorporated with the minimum number of reactions in the reduced model. Finally,
in order to compute thrombin evolution, the 11 parameters involved in the model (kinetic
rates and initial constants) have to be calibrated. A Bayesian inference framework with a
MCMC sampling method was used to infer the optimal parameters using the concentration of
thrombin in time as reference data from both the TGA and the detailed model of Chatterjee
et al. [30]. The set of parameters found by the Bayesian inference method could reproduce
the experimental TGA trend when the initial concentration of factor /I was decreased to
50 and 15 % from its physiological value. A supplemental set of parameter values was
inferred using the detailed kinetic model of Chatterjee et al. The set of parameters aligned
well with the trend presented by Chatterjee’s model; this set of parameters may be used in
general purpose CFD computations in which the conditions of the case are not the same as
in our experimental configuration. Using such a reduced kinetic model in hemodynamic
computations lowers the computational cost of chemical species transport by almost a factor

of seven.

The results contribute to improve the predicting capabilities of the model of Chatterjee
et al. [30]. To the best of our knowledge, this is the first time that a minimal reaction mecha-
nism triggered by the contact activation system is proposed. The reduced model combined
with proper boundary conditions [77] may be particularly useful in situations in which the

coagulation reactions are triggered by contact activation of factor XII.






Chapter 4

Thrombus growth and its influence on
the flow

In the current chapter, the reduced kinetic model developed in Chapter 3 is included in the
thrombus growth of Taylor et al. [112], which is based on platelet activity. The model of
Taylor et al. was implemented in YALES2BIO and verified in the backward facing step
configuration of [111]. The results show robustness issues in Taylor’s model related to
the background activation levels of platelets. This issue is addressed by including platelet
activation due to thrombin which is produced by coagulation reactions triggered at the back-
ward facing step wall. The reactions are triggered using the reactive boundary conditions
developed in Chapter 2.

4.1 Introduction

Thrombus growth (TG) dynamics has been extensively studied in vessel injury configurations
[5, 70, 126]. The models in which a detailed biochemical description is used (coagulation
cascade, platelet activation and aggregation and their interactions) were only applied to
simple hemodynamic configurations. These models are too sophisticated and therefore not
suitable for applications in complex flow configurations such as prosthetic heart valves or
aortic dissections. To overcome this challenge and develop computational cost-effective
frameworks, reduced models have been developed [51, 52, 79, 88]. In general, the main goal
of these models is, the identification of regions prone to thrombosis and the prediction of the
thrombus evolution in time. Most reduced models dedicated to blood coated medical devices

have focused on platelet activity [112, 120]. These models have an affordable computational
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cost and have been used to predict thrombus formation in ventricular assist devices [121].
In this application, high shear stress are observed and thus platelet activity is the triggering
thrombotic mechanism. In these approaches, the coagulation reactions triggered by the
presence of the foreign surface in the blood flow [77] have not been considered. However,
a model that accounts for coagulation may be capable of capturing thrombus formation
in situations in which shear stress is low, and therefore platelet activity is not the driving
mechanism. This can be achieved by considering coagulation reactions triggered by the
contact activation system.

In the current approach, the reduced model for thrombin formation of Chapter 3 is
included on the platelet-based model developed by Taylor et al. [112]. To our knowledge,
only two models of thrombus growth dedicated to medical devices have been developed.
In our work the model of Taylor et al. [112] was chosen over the model of Wu et al. [120]
due to its simplicity and lower computational cost. First, the implementation of Taylor’s
platelet-based model is presented with a detailed explanation of each modeling element.
The implementation is verified in the backward facing step (BFS) benchmark also used in
Chapter 2. The original model of Taylor et al. is used to study the pulsatile effects in the BFS
benchmark. Finally, thrombin formation initiated at the device wall is included in the model,
and platelet activation by thrombin is added. Results show that accounting for thrombin for-

mation suppressed the original model dependency to background activation levels of platelets.

4.2 Platelet-based model description and implementation

The model of Taylor et al. [112] considers three biochemical species:
* non-activated platelets (NP)
* activated platelets (AP)
* Adenosine diphosphate (ADP)

Mechanical and chemical activation mechanisms are considered in the model. In this
approach, mechanical stress is related to mechanical activation. When a platelet is activated,
a certain amount of ADP is released. Once a threshold concentration of ADP is reached,
chemical activation takes place. As in mechanical activation, chemical activation of platelets
also releases ADP and an auto-amplification loop is formed. To quantify thrombus growth, a

platelet aggregation intensity is computed. A steep thrombus frontier is considered through
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an aggregation threshold which defines the regions in which aggregation is sufficient to form
a thrombus. Finally, the impact of the growing thrombus in the flow is modeled using a
Brinkman term considering the thrombus as a porous material. The different parts of the
model are explained in this section.

4.2.1 Species transport and platelet activation

The species transport is modeled through a convection-diffusion-reaction equation of the

form
dC;

ot

where C; and D; are the molar concentration and diffusion coefficients respectively, an

+V. (Cill) =V. (D,'VC,‘) +R; 4.1)

equation is considered for each species i. R; is the source term derived from chemical and
mechanical activation pathways. These pathways are modeled following Soares et al. [107]

and Sorensen et al. [109] for mechanical and chemical activation respectively.

Chemical activation

Chemical activation rate is computed by a function based on ADP concentration Cqpp, a

characteristic activation time 74 pp and a threshold concentration of ADP CX’[S p- The activation

source term is switched on when CX%P is attained. This form of the chemical activation
rate was originally presented by [109] and later used in [120]. The rate of chemical platelet

activation (A¢) writes

0 for gf,‘,g” <1,
Ac(C = ADP 4.2
c(Capr) _Capp for Gape > 1. “-2

thr thr -
Cipp-taDpP Cabp

Mechanical activation

Mechanical activation is computed through a simplified form of the Lagrangian power
law model developed by [107]. Originally, the power law of Soares and co-workers [107]
considers stress history, scalar shear rate and stress rate. In the model of Taylor et al. [112],
stress history and stress rate are neglected. The power law adapted into an Eulerian framework

leads to the following activation rate expression:

B-1

Aw(97,7) = (1 07)cP o, " ©F, 4.3)
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in which ¢y is the fraction of activated platelets ¢ = CApCfCNP‘ Parameters ¢, o and 3 are

empirically derived from the in-vitro data sets published by [111]. The scalar shear stress T

is computed according the definition of [20]

3 0.5

T= éijz,l(cii—ffjj)(cii—ij)+0ij0ij (4.4)
were 0;; 1s the viscous stress tensor. The choice of the Eulerian framework over Lagrangian
approaches is based on the observations of Hansen et al. [51]. Hansen and Shadden compared
both approaches in an abdominal aneurysm and found that platelet activation differed by only
1%, which is small compared to background activation of platelets. It is important to note
that the Eulerian approximation is computationally cheaper than the Lagrangian framework
and thus suitable for biomedical devices.

With the previous activation rates, the source term for both platelets species writes

1 Bl
Rc,, = —Rcyp = CnpAc +Au(Cap+Cnp) = Cyp(Ac+cP Bo," ©F) 4.5)
The source term for ADP has to be corrected by the amount of ADP (1) released in platelet
activation leading to

Rapp = ARc,, (4.6)

The values of the parameters used in the model are listed in Table 4.1.

‘ Parameter ‘ Value ‘
c 1.4854 x 1077
o 1.4854
B 1.4401
A 3x 10717

D¢, | 1.58x 1071 m?/s
Dc,, | 1.58x 10711 m?/s
Dapp | 2.37x10710m?/s
fADP s

ADP, 2 uM

Table 4.1 Parameters involved in the source terms and transport of species in the model of
Taylor et al. [112].
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4.2.2 Aggregation intensity and the impact of the thrombus in the flow

In the model of Taylor et al. [112], the framework for platelet aggregation developed by
Fogelson [40] is adapted to blood-coated medical devices. A platelet aggregation intensity €
is introduced as a strategy to quantify thrombus presence and density. Then a Brinkman term
as a function of € is introduce in the momentum conservation equation to account for the
growing thrombus. The equations governing the flow motion including the Brinkman term

that accounts for the porous behavior inside the thrombus can be expressed as follows:

V-u=0, 4.7)
Ju )
p(E+u-Vu) =—-Vp+uVu—pur(eu, (4.8)
0 if e<g
FEe)=3 e (4.9)
kele+1 if e>¢g

where u is the velocity field, p is the pressure field, p stands for the density, t is the dynamic
viscosity, k is the thrombus permeability and & is a threshold value that defines the thrombus
frontier. The blood was considered as a Newtonian fluid (constant viscosity) since the objec-
tive of the present study was not focused on the Non-Newtonian behavior of blood. Eq. 4.9
is the piece-wise function involved in the Brinkman term which depends on the aggregation
intensity.

Thrombus deposition, growth and breakdown are controlled at the wall and in the volume

by the following equation

e

- = e Prsp(T,)Cap — Be ()€ (4.10)

in which o is the thrombus volumetric growth rate, Prgp is a weighting function defined as
the thrombus susceptibility potential, ¢ is the weighting function that determines thrombus
breakdown and 7, is the scalar shear stress. The thrombus initially grows from the wall,
therefore, € is initially only computed at the wall. To quantify the aggregation intensity in the
volume, a threshold value is introduced &. Once & is attained at one wall cell, the aggregation
intensity equation is turned on in the neighbor cells. In order to have a mesh-independent
growth, Eq. 4.10 is multiplied by the rate dQC, which is the rate of the distance between the
current and the neighbor cell d. and a characteristic mesh-size D (constant) used to normalize
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the growth. The thrombus susceptibility potential, Prsp is computed as follows:

1 for | T |< Tiow
‘TWl_Tlow )—l
PT P T — . |’L'W| . exP( Thigh ™ Ylow ) 411
0 for ’ Tw |Z Thigh

Note that this function is used for both thrombus deposition and growth. 7, and 7, are
the lower and higher threshold values of the scalar shear stress that determine thrombus
deposition. In the range [1,, = 0,7, = Tj,,] the maximum deposition is achieved, [t,, =
Tiow, Tw = Thigh] is the transition range with moderate thrombus deposition, finally if 7,, > Tp;ep,
the function is set to zero (no deposition). It should be noted that on one hand thrombus
wall deposition is computed using the norm of the wall shear stress and on the other hand
thrombus growth is calculated using 7 as in Eq. 4.4.
The second term of Eq. 4.10 is related to thrombus breakdown. The breakdown weighting
function writes

Be() = 0 for |7 [< Tpreakdown 412)

B for |y |> Threakdown

where B is the thrombus breakdown rate. Thrombus breakdown takes place when the scalar
shear stress is larger than a threshold value Tp,eqrqown Of the scalar shear stress. It should
be noted that: Tj4y, ThighsThreakdown, B and 0O are empirical derived parameters used for the
evolution of the piecewise functions and the thrombus volumetric growth rate. Table 4.2
shows the parameters values used in the wall and volume computations of the aggregation
intensity which were from the experimental data of [111].

The model can be summarized as follows:

1. Mechanical activation of platelets is triggered by high scalar shear stress or wall shear

stress releasing ADP
2. Platelets aggregate at the wall in places where the wall shear stress is low enough

3. Chemical activation is triggered when sufficient ADP is produced (CX%P) due to

mechanical platelet activation

4. Thrombus growth starts when the threshold value of aggregation & is reached at a wall

cell. Growth in volume is permitted

5. The growing thrombus impacts the flow through the Brinkman term
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Parameter Value
Qe 3.7x 107" cm? 57!
Tiow,wall 0.05 N-m’l
Thigh,wall 02N-m™!
Threakdown,wall 0.8 N-m~!
Tlow,thrombus 0.1 N'l’l’l_1
Thigh,thrombus 0.3 N'l’n_1
Threakdown,thrombus 0.9 N'Hl_1
B 2000 s~ !
& 5% 108 m—3
D 5x1074m
k 9.5x 10719 m?

Table 4.2 Parameters use to calculate thrombus deposition and growth, all of the parameters
are taken from [112].

4.2.3 Code verification
Chemical activation due to ADP

A batch reactor simulation was performed to verify this implementation. Following [112],
the parameters involved in A¢ were set to t4pp = 1 s and Cf{g p = 2 UM. In this configuration,
the species concentration is homogeneous in space. Thus, the transport equations can be

simplified into a system of ordinary differential equations in time

aC;

— =R;. 4.13
5 (4.13)

Eq. 4.13 was solved using a 4th order Runge—Kutta method using the initial conditions shown

in Table 4.3.

Species Initial condition

Cup 2.5%x 108 PLT m3
Cnp | 4.75% 10" PLT m—3
CADP 2.0 ‘LLM

Table 4.3 Initial conditions of platelets and ADP used to solve Eq. 4.13 considering only

platelet chemical activation. PLT m~> stand for platelet count per unit of volume. Initially

_ ih
Capp = Cipp
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Figure 4.1 shows the evolution in time of species concentration. It can be observed that

at, t = 1s, platelets are fully activated following the characteristic activation time.
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Fig. 4.1 Batch test case verification of chemical activation of platelets by ADP. Time evolution

; ; CAP (e ; ion—SNP__ (uaan,
of activated platelets fraction v tCor (=), non activated platelets fraction CirtCor (===
and normalized ADP g;‘,ﬁp (O) (right y axis)

ADP

4.2.4 Verification: Backward facing Step Application

The benchmark presented by Taylor et al. [111] was used to verify the implementation of
the model for thrombus growth in YALES2BIO. Fig 4.2 shows the computational domain
of the BFS benchmark; this case was already used in Chapter 2. The Reynolds number of
this configuration is Re = 430 based on the inlet channel height, the kinematic viscosity v =
3.5 x 1079 m?s~!, the density p = 1060 kg m~3 and the upstream bulk velocity u, = 0.229
m-s~!. The mesh contains 268162 triangular elements with a maximum spatial resolution
of Ax,r = 0.1 mm and a refinement zone at the mixing layer after the step of Ax,,;,;, = 0.025
mm. The initial and inlet conditions for platelets and ADP are identified. Their values are
shown in Table 4.3. Background platelet activation of 5 % was set, to match [112].

Fig 4.3 shows the scalar field of 7. Note that the locations of low scalar shear stress are
susceptible to thrombus deposition and growth. It can also be observed that high activation

of platelets due to high scalar shear stress is observed near the edge of the step.
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‘ Species ‘ Concentrations

Cup 2.5x 108 PLT m3
Cnp | 4.75x 10" PLT m—3
Capp 0uM

Table 4.4 Inlet and initial conditions of platelets and ADP used in the BFS benchmark.

=No slip (reactive) wall

) L =130 mm .

Capp | |
Cyp —Inlet H =10.0 mm " Outlet

Cap | |

hy =2.5 mm I 1 |

Fig. 4.2 Backward facing step computational domain based on [111]

002 Nm-! 08

Fig. 4.3 Field of scalar stress, activation taking place at zones of high 7.

Thrombus growth in time is shown in Fig. 4.5. A white contour using & shows the
thrombus progress. A reduction in velocity is observed inside the thrombus.

In Fig. 4.5, thrombus length 77, and height 7y at the step wall are used to compare the
experimental results [111] and the original model [112] with the current numerical results.
The implemented model captures the general trend of thrombus growth. The small deviations
to the original model of Taylor et al. may be due to different numerical schemes or to the
different topology of the meshes used in the simulations (structured versus unstructured).

Note however that a second thrombus is formed at the reattachment length in areas in which
the wall shear stress is lower than 7;,,,. Figure 4.6 shows the formation of the second clot.
This thrombus is not formed in the experimental configuration of Taylor et al. [111].
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t =5 min

uy (m Sil)

l —0.03

t = 10 min

t =15 min

t =20 min

Fig. 4.4 Velocity field in x direction with white contour of & showing the thrombus. The
general agreement is fair.
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Fig. 4.5 The numerical results from the current implementation of the model from [112]
compared against numerical and experimental results

— e

1
0 5.25x 108

Fig. 4.6 Platelet aggregation scalar field €, a second thrombus formed at the reattachment
point, this effect is not observed in the experimental configuration of [111].

The second thrombus is also observed in the numerical results of [112], although not
discussed. One of the possible causes of this effect is that the pulsatile nature of the
pump which can induce low-level flow rate perturbations are not accounted in the model
of Taylor et al. and a constant velocity inlet is applied. Zmijanovic et al. [131] showed
that including inlet perturbations may help to solve a similar type of issue and improve the

robustness of the simulations. A simulation including arbitrary inlet perturbations of the
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form u = 0.229(1.0+X3_,A;sin(27fit)) was performed. The perturbations amplitudes and

frequencies used on the simulations are displayed on Table 4.5.

ilrloA
1|5 [ 005
205 001
3|23 0.025

Table 4.5 Perturbations frequencies and amplitudes used at the velocity inlet boundary
condition. These values were arbitrary chosen.

Figure 4.7 shows the results of the original implemented model of Taylor and the inlet-
perturbed case at t = 340 s. When inlet perturbations are included, it can be observed that the
second thrombus is not formed, even if the amplitude of the perturbations are a few percents
only. It is also observed that the size of the main thrombus at the corner is reduced or slow

down.

F |
5.25% 108

b)

Fig. 4.7 Platelet agregation intensity at = 340 s, a) case with inlet perturbations b) constant
velocity inlet.



4.3 Including the coagulation cascade 95

4.3 Including the coagulation cascade

Method description

It is well known that a powerful activator of platelets is thrombin [44]. The activation model
proposed by [107] considers platelet activation by thrombin. In the model of Soares and
colleagues, thrombin is released by platelets activation being the only source of thrombin.
The same form of Eq. 4.2 is proposed for thrombin activation considering a concentration
threshold of CZZ’ = 0.833 nM and a characteristic time of #;;, = 1.0 s as in [120]. Data is
thus available about the activation of platelets by thrombin. Nevertheless, the coagulation
cascade, which is one of the main sources of thrombin, has not been considered in these

models dedicated to medical-devices.

The main challenge to directly include the coagulation cascade in complex flow configu-
rations is the large number of species used in reference models [18, 100, 77]. Considering a
large number of species is computationally prohibitive when analyzing thrombus formation
due to the long characteristic time of thrombus formation ¢ ~ 30 min as explained in [15, 87].
In this context reduced models are particularly interesting since they allow to capture the

basic dynamics of thrombus formation with a significant reduction in the species transported.

In the current work, the reduced model of Chapter 3 is one-way coupled with the platelet-
based thrombus growth proposed in [112]. Tab 4.6 lists the reactions of the reduced kinetic
scheme. Reaction 1* is applied as reactive boundary condition following [77], in this ap-
proach the reaction source term of 1* is equal to the diffusive flux normal to the wall, as
detailed in Chapter 2.

‘ # ‘ Reaction K, M kear 71 First order k s~ !
1% XII — XII, ki =6.4x103ms!
2 XI,+11 — I, +XII, | K,p =8.95%x107? keary = 8.21
3 I, 4V >, 4V, | K3 =20x10"7 | keys =3.5x 103
4 Vo+Il =V, +11, | Kyps=3825x107"7 keara = 4.98
5| I, +ATHI — II, = ATIII ks =7.79 x 1073

Table 4.6 Reduced kinetic model for the coagulation cascade showed in Fig. 3.4. Reaction
1%* is a first order surface reaction, reactions 2, 3 and 4 follow Michaelis—Menten kinetics,
finally, reaction 5 is first order



96 Thrombus growth and its influence on the flow

Simulation including coagulation

A simulation including thrombin production due to the coagulation cascade in the BFS bench-

mark is performed. The inlet and the initial conditions of species are shown in Table 4.7.

Species Condition
Cxnr 9.36 x 10_11 M
Cir 933x107°M
Cy 6.2x107°M

Carii 1.665 x 107°M
Cap 2.5x 103 PLT m~3
Cyp | 475x 10" PLT m—3
CADP 0 M

Table 4.7 Initial and inlet concentrations used in BFS benchmark simulation including
thrombin formation due to coagulation. The values are taken from the reduced kinetic model
developed in Chapter 3.

Figure 4.8 shows the thrombus height and length advancement in time. They both show a
good agreement with both experimental [111] and numerical results [112].

— YALES2BIO with coagulation 1
----- YALES2BIO (Taylor impl.)
X Taylor et al. 2016i (num)

6 | @ Tayloretal. 2014 (exp)

11/ hs

T T
0 5 10 15 20 0 5 10 15 20
time (min) time (min)

Fig. 4.8 Numerical results with coagulation, platelet-based model [112] and experimental
results from [111]
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4.4 Discussion

The platelet-based model for thrombus growth of Taylor et al. [111] was implemented in
an in-house CFD solver YALES2BIO. Thrombin effect on platelet activation and thrombus
growth was studied by coupling a reduced order model of the coagulation cascade initiated by
contact activation with the thrombus growth model. The results aligned well with experimen-
tal and previous numerical data from [111, 112]. One of the model limitations is the empirical
parameters derived specifically for the BFS benchmark. Thus, when a different configuration
or wall material are studied, parameters such as Ty,,,, Thign, OF the volumetric growth rate o
must be adapted. Compared to mechanical activation, thrombin driven activation was higher
than mechanical activation. The thrombin threshold for thrombus activation was obtained at
about 50 seconds, as showed in Fig. 4.9.

F
0 0.833
Ci,

Fig. 4.9 Thrombin field at = 50 s, the thrombin activation threshold CZZ =0.833 nM is
reached in the step lower corner and inside the recirculation region

Following the thrombin characteristic activation time #;;, ~ 1 s and irreversible activation
of platelets is shortly obtained after 51 s. This state of activation reaches all the recirculating
region at about 1 min as observed in Fig. 4.10. In the same figure, the thrombin field is
displayed at 1 min. It can be observed that activation of platelets propagates downstream
along the lower wall following thrombin.

Eq. 4.10 showed that aggregation intensity depends on the squared of activated platelets.
In the results of [112], final platelet activation levels were of about 8%. Due to this reason
thrombus growth is highly dependent on background levels of platelet activation, arbitrary
fixed at 5%. When coagulation is added, the totality of non-activated platelet become ac-
tivated in the recirculating zone. Furthermore, this activation takes place very early in the

simulation (at about 1 min). This decreases the influence of background activation of platelets
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a) b)

Fig. 4.10 a) Thrombin concentration (nM) at 60 s b) Activated platelet fraction ¢ at 60 s.

in the evolution of thrombin in time. A background activation of 7.5 % was tested without
a significant difference on thrombus growth dynamics. Since platelet activation is higher
than the original model of Taylor, the threshold value & must be calibrated for the new levels
of platelets aggregation. In the current case & = 2.0 x 10?! was used. This value can be
adapted since the aggregation intensity threshold is only a quantitative metric to capture
thrombus growth and has no physical basis. Table 4.8 shows the values of background
platelet activation used in 3 different simulations performed by Taylor et al. [112] and two

simulations including platelet activation by thrombin with two values of background platelet

activation.
Case Background platelet activation (PLT m™—>)
YALES2BIO Coagulation 1 2.5x 1013
YALES2BIO Coagulation 2 7.5 % 1013
Taylor et al. [112] 1 1.5x 1013
Taylor et al. [112] 2 2.5%x 1013
Taylor et al. [112] 3 3.7x 1013

Table 4.8 Background activation of platelets used in YALES2BIO simulations includding
platelet activation by thrombin and three cases computed by Taylor et al. [112].

Figure 4.11 shows that the results obtained in the model considering the coagulation
cascade is robust when background platelet activation is variated. This is not the case for the
original model of [112].

In conclusion, a possible explanation to the second thrombus formation at the reat-

tachment point are the pulsatile perturbations present in the experimental set-up. When
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Fig. 4.11 Background activation dependency on platelet for the values of background platelet
activation from Table 4.8.

considering inlet perturbations in the numerical simulations the second thrombus is not
formed. The platelet-based model enriched with coagulation reactions may help to improve
the robustness of the model proposed by Taylor et al. [112]. In addition, platelet activation by
thrombin provides an additional triggering mechanism of thrombus formation in situations

where mechanical activation of platelets is low.






Chapter 5
Conclusions and Perspectives

In this chapter the main results of the current work are summarized. Also perspectives in

thrombosis related to blood-coated medical devices are discussed.

5.1 Main results

Chapter 2 In this chapter a numerical framework for proper initiation of the coagulation
reactions was developed. A reactive boundary condition derived from a mass balance at
the device wall was obtained considering the contact activation system. The model was
applied to a BFS configuration using the kinetic model of Chatterjee et al. [30]. The novel
reactive boundary condition for contact activation of factor X1 was applied over all the BFS
wall. A steady state solution was obtained and thrombin was formed in the same region
where thrombus formed experimentally. The flow thus naturally selects the region whose
coagulation takes place, even if the contact activation is triggered everywhere.

Chapter 3 The sensitivity of kinetic parameters in the model of Chatterjee et al. [30]
was studied using the global screening technique of Morris [82]. The six most sensitive
parameters to relevant quantities of interest were identified. The results were confirmed with a
remarkable precision using a Stroud quadrature and calculating the Sobol indices. A reduced
kinetic scheme for thrombin formation triggered by the contact activation system is proposed.
The reactions that appear in the reduced model are mainly derived from the sensitive analysis.
Bayes statistical framework is used to find the optimal parameters that include kinetic rates
and species initial concentrations. When initial prothrombin concentration is varied, the

reduced order model shows fair predictive capabilities for a fixed set of optimal parameters.
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Chapter 4 The model of Taylor et al. [112] for thrombus growth based on platelet activity
was implemented in YALES2BIO. The model was applied to the BFS benchmark already
used in Chapter2. Thrombus length and height advancement are correctly captured by
the implemented model. However, a second thrombus is observed at the reattachment
point, which is not present in the in-vitro experimental configuration. Low-level velocity
perturbations at the inlet boundary suppressed the growth of the thrombus at the reattachment
point. Finally the platelet-based model was one-way coupled with the reduced kinetic model
of Chapter 3 considering chemical activation of platelets due to thrombin. The strong platelet
activation due to thrombin eliminates the results sensitivity to background activation of
platelets from the original model of Taylor.

This thesis contributes to the efforts of thrombus modeling in medical devices towards
the long term objective of device optimization and intervention planning. To this end, robust
models, sophisticated enough and computational affordable are needed. A numerical frame-

work addressing these challenges is introduced in this work.

5.2 Perspectives

Surface impact on factor X/ activation

In the parametric study of the activation rate of factor X1/ performed in Chapter 2 a small
impact on thrombin production was observed. This contrast to the model of Guo et al. [50]
in which the surface properties impacted the thrombin production by modifying the auto-
activation rate of factor X/I along with reciprocal activation and auto-hydrolysis reaction
rates. The reciprocal activation and auto-hydrolysis rates were not modified in our parametric
study. Therefore, investigating this effect and adding other elements such as finite binding
sites for factor XII and other proteins like Fibrinogen on the device surface could help to

develop a surface-specific kinetic model.

Role of phospholipids

Phospholipids are present in the membranes of activated platelets, providing a surface on
which the Tenase and Prothrombinase complexes are assembled. The binding sites available
for the complex limit the formation of thrombin; a detailed description of this process and
its modeling can be found in the work of [70]. In our modified version of the platelet-based
model of Taylor et al. [112] in Chapter4 coagulation was included without accounting for this
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effect. If phospholipids are considered they may limit the large concentration of thrombin
and thus the activation of platelets. The role of phospholipids should be investigated to
evaluate its impact on device-related thrombosis.

Chemical activation of platelets and deposition

In Chapter 4 chemical activation of platelets is modeled using the approach proposed by
[109] which was developed almost two decades ago. This model was able to capture platelet
deposition and activation in a collagen surface. However, this work should be revisited
and extent to account for different levels of activation and deposition in other bio-material

surfaces.

Role of turbulence in device-related thrombosis

Turbulence influence in thrombosis is not well understood. In particular, medical devices
often induce non-physiological flow regimes that may promote turbulence such as mechanical
hear valves [106]. This type of effects can be included in the model of Taylor and quantify,
for example, the effects on platelet activation or enhance mixing in biochemical species.

Sensitivity analysis on reduced and detailed models

A sensitivity analysis can be performed to the reduced model to further reduce the complexity
if needed or improve our understanding of the reactions taking place in the model.
Sensitivity analysis methods could be useful to identify situations in which the current
biological descriptions do not explain experimental observations and thus the role of new
pathways or biological events could be pointed out by performing sensitivity analysis on
specific quantity of interest.

Model validation in different types of devices

The thrombus growth model based on platelet aggregation and coagulation reactions should
be tested in other academic configurations [46, 120]. This would help to learn if the model
parameters are robust in different flow regimes and understand the dynamics of thrombus

formation in these configurations. Also, complicated device applications should be studied
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using this model to identify limitations and improve the models.
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Modélisation de la thrombose dans des dispositifs biomédicaux

Résumé. La thrombose est la formation d’un caillot sanguin (thrombus) dans le systéme
cardiovasculaire. Il s’agit d’un des principaux problemes des dispositifs biomédicaux en
contact avec du sang. Toutefois, les biomatériaux utilisés jusqu’a présent dans ces dispositifs
déclenchent la coagulation a travers le systeme de contact. Ce systeme n’a pas €té pris en
compte dans les modeles de thrombose dédiés aux dispositifs, alors que son importance
pour la thrombose a été récemment remarquée. L’objectif de cette these est d’introduire
les réactions de coagulation initiées par le systeme de contact dans la modélisation de la
thrombose liées aux dispositifs. Un nouveau modele réduit pour la génération de thrombine
est proposé en incluant I’activation par contact. Le modele arrive a calculer la formation de
thrombine dans du plasma physiologique et du plasma déficient en prothrombine. Une fois
réalisée, 1’approche réduite est incluse dans un modele de croissance du thrombus basé sur
I’activité des plaquettes. Cette nouvelle stratégie est utilisée pour calculer la formation du
thrombus dans une configuration académique.

Mots clés : Thrombose, dispositifs biomédicaux, systéme de contact.

Thrombosis modeling in blood coated medical devices

Abstract. Thrombosis, which is the formation of a blood clot (thrombus) in the vascular
system, is one of the major issues of blood-coated medical devices. To reduce thrombosis risk
in this type of devices, computational fluid dynamics has been used. Up to date, bio-material
surfaces used in blood coated devices initiate blood coagulation through the contact activation
system. This system has not been considered in models dedicated to devices, even though its
importance in thrombosis has been recently highlighted. The objective of this thesis is to
introduce device-triggered coagulation reactions in the modeling of device-related throm-
bosis. A novel reduced kinetic model including the contact activation system is proposed.
The model correctly captures thrombin formation in physiological and prothrombin deficient
platelet-poor-plasma. The reduced set of reactions is then included in a platelet-based model
for thrombus formation considering platelet activation by thrombin. This approach is used to
study thrombus formation in an academic configuration.

Keywords: Thrombosis, medical devices, contact system.
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