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Abstract

Computational Analysis of Acute Traumatic Coagulopathy
by

Tie Bo Wu

Over many millions of years of vertebrate evolution, our blood has developed a robust
system to patch injuries and stop hemorrhage. However, sometimes a serious injury can
derail this system completely. Acute Traumatic Coagulopathy (ATC) is a condition that
arises often in major trauma that makes the cessation of bleeding an uphill battle, even
with the help of modern medicine. Confounding properties of ATC include inefficacy of
transfusion treatment, tissue specific hemostasis and time-sensitive efficacy of tranexamic
acid. In addition, the mechanism or mechanisms behind ATC are still unresolved. Due
to the complex nature of the coagulation system and limited methods for obtaining data,
it is difficult to make progress with empirical experiments alone. Computational models
offer a way to leverage our current understanding of coagulation to unravel the mystery
of how ATC could occur.

In this thesis, we use computational models to propose a mechanism for ATC through
hyperfibrinolysis and provide a model that can be used to test other hypotheses. We pro-
pose that the fibrinolytic response, specifically the release of tissue-plasminogen activator
(t-PA), within vessels of different sizes leads to a variable susceptibility to local coagu-
lopathy through hyperfibrinolysis. This can explain many of the clinical observations in
the early stages from severely injured coagulopathic patients. In addition, we simulate
the efficacy of tranexamic acid treatment on coagulopathy initiated through endothelial
t-PA release, and are able to reproduce the time-sensitive nature of the efficacy of this

treatment as observed in clinical studies. We also provide a model which can simulate

Vil



empirical studies on current and future treatments to improve our understanding and to

help develop new treatments.
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Chapter 1

Introduction

Over millions of years, animals have developed a vascular system to deliver nutrients and
oxygen to the cells in their bodies, with blood as the medium. This system has enabled
animals to become larger and more complex, but also adds a vulnerability. For as long
as blood as existed, so has death by hemorrhage. Because of this, blood has evolved to
repair the vascular system on its own, through the complex process of blood coagulation.
For all of human history, trauma has been a major cause of death, with hemorrhage
as the primary mechanism. Today, in the United States trauma is the leading cause of
death for people ages 1-44[I]. As technology has developed, the amount of ways to inflict
trauma have only increased (guns, cars, stairs). Trauma is a problem that is not going
away.

Treating trauma revolves around blood coagulation. Proper functioning of the coagula-
tion system is absolutely essential for recovering from trauma. Even with all the advances
in modern medicine, we still rely primarily on the body’s coagulation system to stop hem-
orrhage. Most of the solutions we use to stop bleeding can be seen as ways of supporting
or manipulating the coagulation system. Therefore, to understanding blood coagulation

is critical to treating hemorrhage.



Introduction Chapter 1

In this thesis, we use computational models to improve understanding of Acute Trau-
matic Coagulopathy(ATC), a condition that manifests in increased bleeding and resul-
tant mortality [2]. The mechanisms underlying ATC are not yet fully understood. Since
coagulation is such a complex network of reactions occuring in fluid flow in chmically
active blood vessels, computational models allow us to test and generate hypotheses in

a principled manner.



Chapter 2

Background

2.1 Coagulation Cascade

The network of reactions that occur during blood coagulation is often referred to as
the coagulation cascade (Figure . The name is a good description of the phenom-
ena because once the cascade is triggered, a long chain of reactions follow in sequence.
The main chemical species in the coagulation cascade are called the coagulation factors,
which belong to a class of proteins called zymogens. Zymogens are precursors to enzymes
that are inactive until they become activated. These inactive proteins in the blood allow
the blood to always be ready to coagulate, without spontaneously impeding blood flow.
When a blood vessel is damaged, coagulation is initiated when blood becomes in contact
with cells beneath the inner layer of the blood vessel (subendothelium), expressing a
protein called tissue factor (TF). This triggers what is known as the extrinsic pathway of
the coagulation cascade. This starts a sequence of reactions that result in the activation
of prothrombin (IT) to thrombin (ITa). The chain of reactions begins with TF activating
factor VII, which in turn creates an enzyme complex that activates factors IX and X. This

produces small amounts of thrombin (ITa) which in turn activates factors V and VIIL.
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This allows for the creation of two more enzyme complexes. Factors VIIIa and [Xa form
tenase which rapidly activates factor X, and factors Va and Xa form prothrombinase,
which rapidly converts prothrombin to thrombin. Thrombin is often seen as the central
component of the coagulation cascade as it is responsible for converting the inactive fib-
rinogen (Fg) in the blood into fibrin (Fn), a polymer mesh that is the main component of
the clot. Thrombin also activates platelets, causing them to change shape from smooth
discs to an irregular shape with tendrils, allowing them to stick to fibrin, which solidifies
the clot.

Creating a localized clot to stop the bleeding is only one part of the coagulation cascade.
If these activated proteins get carried downstream away from the injury site, they need
to be quickly inhibited so that they do not cause blockages in the vasculature. Thus,
the coagulation cascade also contains many negative feedback mechanisms so that the
coagulation process is contained at the injury site. These inhibitors include tissue fac-
tor pathway inhibitor (TFPI), which inhibits TF complexes, anti-thrombin IIT (ATIII),
which inhibits thrombin, activated protein C, which degrades factors Va and VIIIa. After
the bleeding has stopped and the vessel is repaired, it is important that the clot that
was once there can break down so that the blood vessel can return to its original state.
The breakdown of the clot is a process known as fibrinolysis, which is carried out by the
protein plasmin (Pn), which is activated as soon as the clot begins to form. Plasmin
breaks down fibrin into small inactive fragments known as fibrin degradation products
(FDP). Plasmin must then get de-activated by a2-antiplasmin (AP) so that future clots
are allowed to form. The cascade ends with all of the active proteins deactivated. Over
time, the kidneys will filter out the byproducts of the process and the liver will replenish

the coagulation proteins that were used, so that the blood is returned to its original state.
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Figure 2.1: Simplified Diagram of Coagulation-Fibrinolysis System. Clotting factors
become activated via the intrinsic and/or extrinsic pathway, which culminate in the
production of thrombin (ITa). Thrombin then converts fibrinogen (Fg) to fibrin (Fn).
The clot formed from fibrin is degraded by plasmin (Pn) which is converted from plas-
minogen (Pg) by tissue-plasminogen activator(tPA). Additional notation: TF(Tissue
Factor), ATIII (Anti-Thrombin III), TFPI (Tissue Factor Plasma Inhibitor), TM
(Thrombomodulin), ITa (Thrombin), PC (Protein C), APC (Activated Protein C),
FDP (Fibrin Degradation Products), PAI-1 (Plasminogen Activator Inhibitor-1), AP
(ag-antiplasmin). Roman numerals represent the corresponding coagulation factors,
and the letter "a" denotes that the factor is activated.

2.2 Coagulopathy

The coagulation system is not fail-proof; in some cases its ability to stop hemorrhaging
can be hindered or even inhibited. Coagulopathy is the umbrella term for conditions that
impair coagulation function. These can be hereditary such as hemophilia, self-imposed
through blood thinning medications such warfarin, or it can arise spontaneously from
trauma. These trauma-induced coagulopathies are poorly understood, can manifest in

different ways, and can be difficult to treat.
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This thesis focuses on acute traumatic coagulopathy (ATC), which arises in the early
stages of trauma|3]. This condition results in severely impaired coagulation function and
increased bleeding. Along with the primary symptom of impaired coagulation, there
are some interesting characteristics of ATC. One of the main characteristics of ATC is
the ineffectiveness of massive transfusions during treatment[4]. This raises an impor-
tant question, if there is a problem with the blood, why does coagulopathy persist even
after repeatedly replacing it? Another important characteristic is that often a patient
will have tissue-specific hemostasis, meaning that different parts of the body will exhibit
different clotting behaviors[5]. This not only tells us that ATC is a local phenomena, it
also demonstrates how difficult it is to treat: if treatment to improve clotting is given
to the patient, it needs to be targeted to the injury site or else it could cause clots to
form in unwanted areas. Another interesting characteristic is how it responds to the anti-
fibrinolytic drug tranexamic acid (TXA). If TXA is provided early, it appears to have
good results, but if provided late, it becomes ineffective and sometimes detrimental[6].
We also know that ATC, often occurs in patients with blunt injuries and in conjunction
with shock|7]. There have been many proposed hypotheses on the mechanism(s) behind
ATC but they typically fail to explain all of the previously mentioned characteristics.
These theories are primarily based on observational and anecdotal clinical data, which
is often flawed or easy to misinterpret. The data that is available typically comes in a
few forms. One type is protein data, which tells us which of the blood proteins correlate
with patients with coagulopathy. Another type of data comes in the form of clinical
measurements, which tells us which vital measurements (such as blood pressure, body
temperature or heart rate) correlate with ATC. Anecdotal information such as the types
of injuries that are more likely to lead to ATC can often be relevant. This information
is valuable but there are many flaws with it that we must be cognizant of when making

hypotheses.
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The biggest flaw with observational data is the difficulty of drawing causal relationships
from correlational data. There are many proteins and clinical measurements that are
significantly high or low in ATC patients, but we don’t know whether or not these trends
in coagulation protein levels cause ATC, are caused by ATC or have no causal relation-
ship at all. Clinical blood protein data has another major flaw from how it is collected.
Usually it is collected from a location away from the injury site. Since coagulation is a
local phenomena affecting a relatively small fraction of the patient’s blood, abnormalities
in the blood at the collection site would not be nearly as prominent as the blood at the
injury site. Other flaws include nonuniform injury severity, injury location, collection
sites, collection times, sampling, as well as a very coarse and irregular time resolution in
data samples.

With so many flaws in the data, hypotheses that are developed often cherry-pick infor-
mation for support and dismiss opposing evidence as flawed. Due to the unethical nature
of experimenting on humans, validation experiments are often incomplete abstractions
of the original setting. Thus, many of the proposed mechanisms of ATC have yet to be
validated.

There are two primary modes for poor coagulation: (1) poor clot formation[§|, and (2)
excessive clot lysis[0, [I0]. The proposed mechanisms underlying poor clot formation in-
clude factor depletion, hemodilution and increased expression of activated protein C[7].
While previous computational studies on ATC have performed detailed analysis on clot
formation through coagulation factor depletion and dilution [I1], 12} 13} [14], the same
level of attention has not been given to modeling ATC through hyperfibrinolysis. These
studies demonstrate the deleterious effects of dilution-inducing therapies but they do not
address characteristics such as the inefficacy of mass transfusion or the localized nature of
ATC. While it is likely that ATC is the result of both modes acting in tandem, we posit

that excessive clot lysis is the driving mechanism behind many of the clinical phenotypes
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exhibited by patients with ATC.

2.3 Computational Models

In situations in which obtaining empirical data is difficult, computational models can

be useful tools for proposing and testing hypotheses. Computational models allow us
to easily change the conditions of the simulation and to extract all of the measurements
used in the model. With such a complex network of reactions, there are many possible
ways to impair the coagulation system. However, with a computational model, we can
test which of these mechanisms can realistically cause coagulation malfunction under the
conditions we see in ATC.
Fortunately, most of the reactions involved in coagulation have been well studied [15],
12l 16], 17]. Due to computational constraints, different models compromise on the level
of detail in differing parts of their model. Therefore, each computational model must
be tailored to the problem that it is trying to solve. There are blood models that focus
on blood flow [18| 19] 20], platelet dynamics|2I] or the geometry of a clot as it forms or
degrades|22],[16]. Our models focus on blood chemistry and reaction dynamics in both the
blood and the endothelium together with fluid flow, which we believe is most applicable
to ATC.

2.4 Law of Mass Action

To model the chemistry of the blood, we primarily use the Law of Mass Action. The

law states that the rate of the reaction is directly proportional to the concentration(s) of
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the reactant(s). For a simple one-step, reversible, elementary reactions such as:

A+B=C

, the rate of the reaction can be written as:

11 = ki[A][B]

for the forward reaction and:

o = /{32[0]

for the backwards equation, where r represents the reaction rate (in units of M/s), k
represents the rate constant (in units of 1/M*s or 1/s) and A,B,C are the concentration
values of the chemical species (in units of M). The rates of the reactions also tells us the

rates at which the concentrations are changing so our system of differential equations

will look like:

2.5 Michaelis-Menten Kinetics

In biological reactions, there are many reactions involving proteins, which are large
folded molecules in which the shape determines the rate of reaction or whether or not it
will react at all. Often, enzymes are required to change the conformation of a protein
before it is able to react. In this situation, the reaction is a multi-step process. The

simplest form can be represented with 3 species, the enzyme E, the substrate S and the
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product P. The reactions would take the form:

E+S=ES—~E+P

These three reactions require three kinetic constants to represent their rate. However,
under certain conditions, such as the substrate greatly outnumbering the enzyme, we
can use the Michaelis-Menten Approximation to reduce these three reactions to a single

irreversible using only 2 kinetic constants. The reaction would be simplified to:

sSEp

and the rate of this reaction is determined by:

kcat [E] [S]

BTk,

This approximation is often used because these kinetic constants are easier to obtain
(and therefore more available) than the ones necessary to model the system as three

separate reactions.
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Chapter 3

Modeling Acute Traumatic

Coagulopathy Using a Spatial Model

Trauma is the leading cause of death between the ages of 1 and 44[I]. Major trauma
often induces a coagulopathic state known as Acute Traumatic Coagulopathy (ATC) that
manifests in increased bleeding and resultant mortality [2]. The mechanisms underlying
ATC are not yet fully understood. In this paper we propose a mechanism that can pro-
duce some of the observed phenotypes in ATC patients, and investigate its viability and

implications via a computational model.

The coagulation process is a complex network of reactions (Figure in which an
over-expression or deficiency in many different proteins could lead to the hemorrhaging
exhibited by ATC patients. There exists a very well studied network of blood protein
interactions from in vitro studies [15, 23, 24] and recent in vivo analysis of trauma pa-
tient data |4, [10]. However, a mechanistic understanding of ATC has remained elusive.
Some of the confounding characteristics of the disease include persistence despite mas-
sive transfusion[4], tissue-specific coagulation profiles[5], and the time sensitive efficacy

11
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of treatments such as tranexamic acid (TXA)[6].

To study ATC within a mechanistic framework, we introduce a partial differential equa-
tion model to simulate in vivo coagulation in blood vessels, and explore conditions that
could provide a mechanistic explanation for the phenomena present in ATC. There are
two primary modes for poor coagulation: (1) poor clot formation [§], and (2) excessive clot
lysis|9), [10]. While previous computational studies on ATC have performed detailed anal-
ysis on clot formation through coagulation factor depletion and dilution|[11], 12} 13} [14],
the same level of attention has not been given to modeling ATC through hyperfibri-
nolysis. These studies astutely demonstrate the deleterious effects of dilution-inducing
therapies but they do not address the cause of trauma-induced coagulopathy prior to
resuscitation. While it is likely that ATC is the result of both modes acting in tandem
and perhaps different modes dominating depending on the stage of the disease, we posit

that excessive clot lysis is initially the dominant pathway leading to ATC.

To understand the causes of excessive lysis, our model focuses on tPA (tissue-plasminogen
activator), one of the primary proteins involved in fibrinolysis. It converts the inactive
zymogen plasminogen into the active serine protease plasmin, which breaks down fib-
rin clots[25]. The concentration of tPA must be delicately balanced, as insufficient tPA
can lead to thrombotic events and excessive tPA can lead to weak clots and acceler-
ated fibrinolysis. TPA in plasma comes almost exclusively from endothelial cells|26],
where it is stored in large quantities[27, 28]. If the vessel walls sustain a large injury,
the ruptured endothelial cells can release enough tPA into the local plasma to trigger
hyperfibrinolysis. Using our model, we show that parts of the vasculature with higher

surface-area-to-volume ratios are more susceptible to the hypocoagulable state exhibited

in ATC (Figure [3.1).
12
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Hyperfibrinolysis in Small Vessels

Early TXA treatment can Late TXA treatment is

effectively decrease ineffective once
plasmin production antiplasmin is depleted
Damaged endothelial t-PA converts fibrin- a2-antiplasmin depleted
> cells release large storage > bound pl i to > by binding to large
of intracellular t-PA plasmin amounts of plasmin |
Injury ruptures vessel Excess plasmin degrades

Thrombin induces nearby fibrin clots
ial cells to
release t-PA (artpa)

wall

Tissue factor is exposed

'—————>  toblood, leading to

thrombin formation

Thrombin activates
fibrinogen into fibrin

Time >

Figure 3.1: Simplified Sequence of Events Leading to Local Hyperfibrinolysis. After
injury, the tPA contents of ruptured endothelial cells are released into the surrounding
fluid. In small vessels, this release results in a disproportionately high concentration
of tPA because of the high surface-area-to-volume ratio, leading to excessive plasmin
formation. If antiplasmin becomes depleted from binding to large amounts of plasmin,
the excess plasmin can break down the fibrin clot, resulting in hyperfibrinolysis. TXA
can delay or prevent hyperfibrinolysis if provided early by decreasing the effective
concentration of plasminogen, but has little effect if administered after antiplasmin
has been depleted. Conditions can be exacerbated under conditions of shock, in which
flow is impaired and/or the vessel is constricted.

In our study, we also examine how our model of ATC would respond to treatment by
tranexamic acid, an anti-fibrinolytic used to reduce bleeding in surgery, trauma and men-
struation. The use of TXA for trauma has been somewhat controversial as it appears
that the treatment improves patient outlook if administered early but worsens outlook if
administered after 3 hours post-admission[6]. Using excessive tPA to simulate the bleed-
ing phenotypes of ATC, we were able to qualitatively reproduce the time-sensitive nature

of the efficacy of TXA treatment reported in clincal trials[6].
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3.1 Model (Methods)

Model (Methods)

Model Construction

We constructed a 2D rectangular domain (Figure[3.2)) to represent our damaged blood
vessel. The width of the domain is 10mm, and the height is varied between 10, 25, 50
and 100 pm, which covers the range of diameters in venules. The domain was discretized
on a 50 x 25 grid, with a higher density of nodes near the bottom boundary. The left
and right boundaries of the rectangle represent the inlet and outlet of the channel re-
spectively. The top boundary is a non-reactive surface with a no-slip /no-flux boundary
condition. The bottom is a reactive surface that includes the site of the injury. Details
of the injury site model will be given later in this section. We model the vessel as a
reaction-diffusion system. We used a diffusion coefficient of 5 x 10~ "cm?/s, as used in

previous models|20], 29, [30].

We are interested in situations where the patient has sustained a massive amount
of injury. Studies of patient microcirculation show that endothelial damage and shock
severely impact flow in smaller vessels[31]. Thus, the simulations reported in the main
body of this paper were undertaken with no convective flow (reaction and diffusion only)

with periodic boundary conditions on the channel.

Model of Fibrin Formation and Degradation

The network of reactions used in our model includes the reactions for thrombin gen-

eration, fibrin formation and fibrin degradation in plasma. These reactions and their

14
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associated rate constants are taken from models based on in vitro experimental results,
and most of them can be found in previously published ODE models|I5, 24, 11] and
the full list of reactions can be found in the Appendix. To model fibrin deposition and
polymerization, we do not allow fibrin species to convect or diffuse after formation. As
a result, concentrations of fibrin near the injury site can exceed the initial concentration

of fibrinogen.

tPA Release from Endothelial Cells

In addition to these reactions, we model tPA release from endothelial cells from
three sources: (1) constitutive release, (2) acute release, and (3) intracellular release
(labeled ctpa, artpa, ictpa in our model respectively). Constitutive release is the steady
release from endothelial cells that establishes the basal concentration of tPA together with
the basal concentration of plasminogen activator inhibitor-1 (PAI-1). While we expect
constitutive production to vary based on region, constitutive release is slow enough that
basal concentrations should not vary much region-to-region. The main contributors to
the region-specific susceptability to hyperfibrinolysis are acute release and intracellular
release. Acute release refers to the endothelial cell response of releasing tPA in the
presence of thrombin, and intracellular release refers to intracellular tPA storage that can
be dumped into the plasma instantaneously when cells rupture from injury|27]. Both of
these sources are much more rapid than constitutive release, and the magnitude of the
increase in tPA concentration scales inversely with vessel diameter. The rates of these
reactions were calculated by fitting data from in vitro experiments performed by van
den Eijnden-Schrauwen (1995)[27]. The initial values for tPA storage (maximum value
of 150 pM/m?) in endothelial cells were calculated based on in vivo estimates by Emeis

(1992)[32], and we took the surface density of endothelial cells to be 1 x 10°cells/cm?[33).

15



Modeling Acute Traumatic Coagulopathy Using a Spatial Model Chapter 3

PAI-1 Release from Platelets

There is also an "acute" anti-fibrinolytic response in endothelial cells that can scale
with vessel diameter in a similar fashion. When exposed to inflammatory markers, en-
dothelial cells can be induced to secrete PAI-1, which is the primary inhibitor to tPA.
However, trauma-induced increases in PAI-1 secretion in endothelial cells over the basal
rate is slower than the t-PA response as PAI-1 is not stored in significant amounts in
endothelial cells compared to t-PA and therefore must be synthesized prior to release[34].
For this reason, we chose not to include this in our model. However, we do account for
PAI-1 released from thrombin-activated platelets. To account for the potential effects of
PAI-1 released from platelets, we used a value of 266 pM/m? for the amount of PAI-
1 stored at the injury site. This approximated value was obtained using the maximum
platelet concentration in a spatial model from Fogelson [20], and measured levels of PAI-1
release in thrombin stimulated platelets were taken from [35]. This allows us to obtain an
upper bound on the amount of PAI-1 which can be released at the injury site. However,
since the time resolution in the measurements was too coarse to obtain an accurate rate
of release, we decided to use these reactions to gain an understanding of the potential
of platelet PAI-1 instead of incorporating it into our main model. Details regarding tPA

release and PAI-1 can be found in the Supplemental Information (SI).

Model of Vessel Wall and Injury Site

In our spatial simulations, we have modified the reactions from the ODE models by
separating the fluid-phase reactions from the surface-phase reactions (see SI). It is im-
portant to separate the reactions because certain species such as tissue factor (TF) and
thrombomodulin (TM) exist primarily on the surface of a blood vessel, thus the reactions

associated with those surface species must take place on the surface. To accomplish this,
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we took the platelet binding reactions from Kuharsky(2001)[36] to simulate the binding
of coagulation factors to the injury surface. Those bound factors can then form the en-
zyme complexes at the injury site as a surface species. The rates of reactions between
two surface species were adjusted from the original volumetric values in a similar way by
using a constant boundary layer thickness of 1um instead of a varying boundary layer
thickness between 0 and 3um[36]. In addition to the factors bound to platelet binding
sites (PBS), TF and TM were modeled as surface species that bind to fluid species to

form enzyme complexes on the surface.

The bottom boundary is the most important part of our model. It represents the en-
dothelial surface, including the site of injury. The entire surface constantly secretes tPA
(constitutive release) into the plasma. Most of the bottom surface is anti-coagulant, in
that the only reactive protein on it is thrombomodulin. The part that represents the
injury site also contains tissue-factor, which is exposed to plasma upon injury, as well
as PBS, the sites that coagulation factors bind to once platelets are activated and at-
tached to the injury surface. We used an amount of tissue factor, 5 pmol/m?, that leads
to the same peak thrombin time as for the ODE simulations in Brummel-Orfeo-Mann
(2012)[24]. The concentration of PBS was taken as the surface concentration of each
binding site on a platelet|36], multiplied by the platelet concentration of 330 fmol /m?.
This concentration was fit to produce similar peak thrombin times as the ODE model|24].
A similar value is used in Kuharsky (2001)[36] for maximum activated platelet concen-
tration on the subendothelium, which ranged from 220 to 660 fmol/m? depending on
the height of the boundary layer. For our simulations, we assumed that the maximum
number of PBS at the injury site is available from the start. In addition, the injury site

also contains tPA to be released into the plasma via acute and intracellular release.
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We took the injury site to be 20% (2 mm) of the length of the channel, starting 3mm
into the channel. Along the bottom boundary, we allowed for reactions to occur between
surface species, as well as between the surface and fluid species. We modeled this by
introducing positive and negative fluxes in and out of the bottom boundary to simulate

species being produced by and being bound to the endothelium. Additional details can
be found in the SI.

Model for TXA Treatment

We simulated the effects of two methods of treatment: (1) Tranexamic Acid (TXA)
and (2) Antiplasmin replenishment. TXA acts by binding to plasminogen, preventing
plasminogen from binding to fibrin. Fibrin acts as a co-factor by providing a surface
for t-PA to activate plasminogen, resulting in a greatly accelerated rate of plasmin gen-
eration compared to the solution phase reaction[37]. By inhibiting this binding, TXA
effectively lowers the concentration of plasminogen in the system. We calculated that
the standard dosage of TXA binds to roughly 90% of the plasminogen in the body based
on pharmacokinetic properties presented in [38]. If administered intravenously, plasma
concentrations can be maintained at this level for up to 5-6 hours[38]. Thus, to model
TXA treatment, we instantaneously reduce the concentration of plasminogen to 10% of
its current concentration in the system at various time points. To model antiplasmin
replenishment treatment, we instantaneously increase the concentration of antiplasmin

in the body by 1uM at various time points.

Computational Specifications

Our simulations were performed using the PETSc library (https://www.mcs.anl.gov/petsc)/)

on a 4 core 3.4 GHz Intel Core i7-3770k Processor. Each simulation took about an hour
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to complete. Post-processing analysis was performed using MATLAB.

Results

Fibrinolysis Studies

We ran our simulations with and without intracellular tPA release, to show the po-
tential impact of the release of the endothelial storage of tPA in triggering ATC. The
magnitude of the impact depends on the extent of the injury. In our model, the simu-
lations that included intracellular tPA release used injury intensities of 25%, 50%, 75%
and 100%, referring to the amount of intracellular tPA released if that percentage of the
cells at the injury site were injured. We also reduce the rate of constitutive release and

acute release by the same amount to account for the reduced number of cells.

Effects of Vessel Size and Injury

We examined fibrin concentrations in vessels of differing diameters, in response to
injury. In our simulations without intracellular tPA release (Figure ), we see that the
size of the vessel has two effects on fibrin concentration. First, the peak fibrin concen-
tration is lower in the smaller vessels. This is due to the larger control volumes in large
vessels that allow for more fibrin to accumulate, as there is more fibrinogen which can
diffuse toward the injury site, while the fibrin formed at the injury site cannot diffuse out
as fibrin species are restricted from diffusion and convection in our model. Secondly, in
the 25, 50 and 100 pum channels, the degradation is very slow, suggesting a very stable
clot. However, in the 10 pym channel, we see that fibrin degradation starts to acceler-
ate. The lower peak concentration and faster fibrinolysis suggest that smaller channels

will be more susceptible to hyperfibrinolysis. When we incorporate a intracellular tPA
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release from a 50% injury, fibrinolysis is sped up in all vessels but the effect is far more
pronounced in the two smaller vessels(Figure [3.3p) in which the acceleration is very sig-

nificant.

We find that the rate at which fibrinolysis increases is quite sensitive to the amount
of tPA released from the injury site in the smaller vessels, while the larger vessels are
much less sensitive to this parameter(Figure . This suggests that vessels of different
size have a different threshold of tPA to trigger hyperfibrinolysis. Once the tPA threshold
for hyperfibrinolysis has been exceeded, further tPA exposure can exacerbate the situa-
tion. We also find that if we include the release of PAI-1 from platelets in the model, it
can delay the onset of hyperfibrinolysis, possibly increasing the tPA threshold, but has
little potential to prevent it(Figure . This demonstrates that, although in theory a
localized release of PAI-1 could offset the localized release of tPA, in reality the difference
in magnitude of available tPA and PAI-1 make this possible only if the amount of tPA

released during injury is close to its threshold.

The mechanism behind the acceleration of fibrinolysis in the smaller vessels is apparent
when we examine the concentrations of plasmin and plasmin-antiplasmin(PAP) complex
(Figure . The concentration of plasmin-antiplasmin approaches 1 uM (the initial
concentration of antiplasmin) around the time that fibrinolysis starts to accelerate. This
depletion of antiplasmin causes plasmin generation to go unregulated, which results in
accelerated fibrin degradation. In addition, simulations with smaller injuries or longer
channels have been performed (see SI) to ensure that the size of the injury compared
to that of the channel did not affect the dynamics of the system. A smaller injury, as
expected, delayed the onset of hyperfibrinolysis, but did not change the dynamics of the

system. Thus, we performed our analysis on the larger injury to reduce computation
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time and computation costs.

TXA and Antiplasmin Studies

We use the 25 um vessel with 100% injury simulation as our surrogate for coagulo-
pathic conditions because it allows us to apply the treatments at different stages of ATC
in the 5000 second computation window. With that, we simulated the effectiveness of
TXA treatment (Figure[3.7h). We found that if TXA is provided before fibrinolysis starts
to accelerate, it can effectively re-stabilize the rate of fibrinolysis. However, the efficacy
of TXA treatment falls off tremendously when treatment is provided after hyperfibrinol-
ysis sets in. One discrepancy between these results and the clinical observations of the
CRASH-2 studies|6] is that not only did TXA become ineffective when administered late,
it also increased hemorrhaging. This is likely due to the unmodeled dynamics between
TXA-bound plasminogen and urokinase-type plasminogen activator (uPA) in which TXA
induces a shape change in plasminogen, making it a better substrate for uPA[39]. Since
tPA activity normally dominates the effects of uPA in normal fibrinolysis, the net effect
of inhibiting tPA far outweighs the impact of increasing uPA activity. However, if TXA
is administered late, TXA not only fails to inhibit tPA as our results show, but its en-
hancing effects on uPA activity can explain the increased hemorrhaging observed in the
clinical data. Since we know that antiplasmin depletion is the reason for accelerated fibri-
nolysis, we also simulated antiplasmin replenishment as a treatment to compare to TXA
treatment (Figure [3.7b). We see that TXA treatment is more effective than antiplasmin
treatment early, but antiplasmin treatment is more effective than TXA treatment at later
treatment times. Since neither treatment could restore fibrin concentration (i.e.: could
only slow down the rate of fibrin degradation), it is likely that fibrinogen replenishment

is necessary in conjunction with these anti-fibrinolytic treatments.
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Discussion

Our model provides a mechanistic explanation for ATC through excessive clot lysis
rather than poor clot formation. The evidence for ATC through consumption of co-
agulation proteins and/or hemodilution derives from studies showing the correlation of
trauma mortality to low levels of various coagulation factors, fibrinogen, high levels of
d-dimer, and high levels of tissue-plasminogen activator (tPA)[40]. While low levels of
coagulation factors and fibrinogen lead to poor clot formation, a depletion of fibrinogen
and elevated levels of d-dimer can be indicative of successful fibrin formation and subse-
quent excessive fibrinolysis. However, one of the most evident deficiencies of the factor
consumption and/or dilution hypothesis is the often simultaneous hypo and hypercoag-
ulable profiles exhibited in severe traumal41], since factor consumption and dilution are
systemic phenomena. One of the studies that support the hyperfibrinolysis hypothesis
found that the major indicator of trauma-induced coagulopathy was high circulating lev-
els of tPA[10]. In this study, the authors added an additional 1 nM of extra tPA in their
Thromboelastogram (TEG) assays in order to accentuate the difference in the clotting
profiles of healthy and coagulopathic patients. Our results show that both the additional
tPA needed to induce hyperfibrinolysis and the region-specific hemostatic tendencies in
coagulopathy can be explained by differential susceptibility to hyperfibrinolysis from en-

dothelial tPA release that is determined by vessel size and local injury intensity.

This mechanism allows for the excessive hemorrhaging brought on by accelerated fib-
rinolysis in some regions, while other regions can exhibit normal and possibly even ex-
cessive coagulation. This mechanism can also explain why hemorrhagic shock is often a
predictor for ATC|7]. During hemorrhagic shock, the body redistributes bloodflow away

from "luxury" organs via vasoconstriction to preserve function in the vital organs[42] [43].
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This causes an even higher surface-area-to-volume ratio and impaired bloodflow in the
portions of the vasculature, particularly in the microvasculature[31] around these "luxury
organs', thus further exacerbating the region’s susceptibility to hyperfibrinolysis. While
elevated tPA expression is the trigger for the hyperfibrinolysis in our model, the root
cause of the acceleration of fibrinolysis is the local depletion of antiplasmin. For this to
occur, there are two requirements: (1) high local plasmin activation, which is facilitated
by high concentrations of tPA in our model, and (2) a limited supply of antiplasmin
(simulated in our model with a small control volume). However, hyperfibrinolysis could
also be induced in vivo when hemorrhaging decreases the flow to these regions, thus ef-

fectively limiting the supply of proteins such as antiplasmin.

Our model focuses on the concentrations of blood proteins to find a mechanism for ATC.
Thus, it does not capture some important dynamics that other models may include,
such as the complex dynamic flow during coagulation[I8, 19, 20], TAFI regulation|11],
platelet dynamics[21], as well as complex mechanisms for fibrin degradation [22, 16]. Our
model also does not capture the contribution of antiplasmin in stabilizing clots against
fibrinolysis|44), [45] 46] which would further emphasize the pathological consequences of an-
tiplasmin depletion. Spatial models are far more computationally costly than well-mixed
models; because of this, the previously mentioned spatial models often use reduced-order
reaction systems and choose to focus on other details. In contrast, we have chosen to
focus on the reaction system to show the potential impact of the release of the endothelial
storage of tPA in triggering ATC. Due to these limitations, we do not expect our model
to be able to capture the exact behavior of in vivo hypocoagulation in ATC. Furthermore,
we expect that the susceptibility to hyperfibrinolysis as well as the time of onset will be
region dependent. In our model, we use the intracellular tPA from damaged endothelial

cells as the source of extra plasmin activation required to trigger hyperfibrinolysis. At
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the same time, there could be other contributing factors, such as increased inhibition of
PAI-1 from increased levels of activated protein C [47], that could have impacts similar

to that of the release of intracellular tPA in damaged endothelial cells.

Besides the region-specific coagulation profiles, our mechanistic explanation for ATC
is consistent with other clinical observations as well. Hemorrhaging produced by this
mechanism responds to TXA treatment in a similar time sensitive fashion as reported
in clinical studies[6]. This phenomena cannot be explained by mechanisms of ATC as-
sociated with poor clot formation, as TXA does not improve the formation of clots, but
instead it acts to slow down clot lysis[38]. Moreover, since the source of the increased
fibrinolytic activity derives from the endothelium and not the plasma, our model is able
to explain the limited effectiveness of transfusions to restore proper coagulation. Our
results indicate that in ATC patients, the initial injury does not clot properly because
extra tPA is introduced into the system from intracellular storage, as a direct result of
injury. Even when plasma concentrations are restored through transfusion, the local tPA
concentration at these injury sites will eventually deplete the antiplasmin in the local

blood, leading to post-resuscitation hemorrhaging.

In addition, we were able to compare the effects of two different treatments for ATC.
TXA treatment represents treatments that inhibit the zymogen, plasminogen, while an-
tiplasmin treatments, such as the drug aprotinin (Tryasol)[48], inhibit the serine protease
plasmin. Because these treatments use a different mechanism to inhibit fibrinolysis, the
results can be different depending on the time at which the treatment is administered.
While we cannot speak to the practicality or viability of antiplasmin as an anti-fibrinolytic
treatment for trauma, having a mechanistic understanding of this disease should enable

the exploration of options for treatment. [? ? |. Figure ?77.
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Figure 3.2: The computational model. The model is separated into two domains:
the plasma containing fluid species that undergo fluid-phase reactions and diffusion,
and the vessel surface with surface species that undergo surface-phase reactions in
which surface species react with each other. The injury site is a 2 mm region on
the surface containing additional surface species to represent the injury. There are
also fluid-surface reactions at the interface which allow the two domains to exchange
species. The results in this paper are measured in the clot formation region, which is
a 2mm x 10pum area above the injury site. The height of the channel varies between
10, 25, 50 and 100 pm.

Damaged Endothelial Cells Provide the Additional tPA Necessary to Induce
Hyperfibrinolysis in Small Vessels
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Figure 3.3: Simulations of Fibrin Concentrations in Various Sized Vessels in the (A)
Absence and (B) Presence of intracellular T-PA release. (A) Fibrin concentrations
are very stable for the 25, 50, 100 pum vessels under both conditions. In the case
of the 10 pm simulation, fibrin degradation accelerates rapidly toward the end. (B)
When intracellular tPA is added, there is little effect on fibrinolysis for the 50 and
100 pm vessels, but there is a very pronounced effect for the 10 and 25 pum vessels.
Concentrations are calculated as average concentrations over the 2-D domain, 10 ym
above the injury site.
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Smaller Vessels are more Sensitive to Injury Intensity
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Figure 3.4: Simulations of the Effects of Injury Intensity on the Rate of Fibrinolysis
on Vessels of Height: (A) 10 pm (B) 25 pum (C) 50 pm and (D) 100 pm. (A) In the
10 pm vessel, the rate of fibrinolysis is very sensitive to the level of injury, however it
seems that hyperfibrinolysis has begun for all injury levels. (B) In the 25 pm vessel,
we find that the range of tPA release in our model includes the critical point for which
at low injury levels fibrinolysis may be stable, but at higher levels it can switch to
becoming hyperfibrinolytic. In the larger vessels (C),(D), we find that the rate of
fibrinolysis is not very sensitive to the level of injury, probably because the amount of
tPA in the system has not reached the threshold necessary to induce hyperfibrinolysis.
Concentrations are calculated as average concentrations over the 2-D domain, 10 ym
above the injury site.

Effect of Platelet PAI-1 is Dependent on Severity of Injury
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Figure 3.5: Simulations of Fibrinolysis in the Presence and Absence of Platelet PAI-1
Release in (A) 10 pm and (B) 25 pm Vessels. In both vessels we see that platelet PAI-1
release reduces the effective amount of tPA released from the injury. This delays the
onset of hyperfibrinolysis but does not prevent it from occurring. Concentrations are
calculated as average concentrations over the 2-D domain, 10 pm above the injury site.
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Damaged Endothelial Cells Provide the Additional tPA Necessary to Induce
Hyperfibrinolysis in Small Vessels
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Figure 3.6: Simulations of Plasmin-antiplasmin (PAP) Complex Concentrations in
the (A) Absence and (B) Presence of intracellular tPA release. (A) In the 10 pym
vessel, the concentration of PAP approaches 1 pM, indicating that the antiplasmin
is approaching depletion (initial concentration 1 uM). In contrast, in the 25, 50, 100
pum vessels, the PAP concentration increases far more slowly. (B) The presence of
intracellular tPA release speeds up the rate at which PAP is formed in all vessels,
and reaches saturation in the 10 pum vessel. The concentration of PAP approaches
saturation in the 25 pum vessel and that’s why we see fibrinolysis accelerate in Figure
3.3b. This explains why the additional tPA from intracellular release has a greater
impact on fibrin degradation in the 10 pm and 25 um simulations. Concentrations
are calculated as average concentrations over the 2-D domain, 10 gm above the injury
site.
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Model Predicts Time-Dependent Efficacy of Anti-fibrinolytic Treatment
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Figure 3.7: Simulations of Fibrinolysis Profiles when (A) TXA and (B) Antiplasmin
(AP) Treatment is applied to a 25 um vessel with 100% injury at Various Time Points.
(A) Similar to reported clinical studies, the efficacy of TXA to slow down hyperfibri-
nolysis is very sensitive to the time at which it is administered. If applied early it is
very effective, however if provided late, it can have little or no effect. (B) On the other
hand, antiplasmin treatment is slightly less effective when given early but is better at
slowing down the rate of fibrinolysis if provided later. However, neither have the abil-
ity to restore the lost clot strength once fibrin generation has ceased. Concentrations

are calculated as average concentrations over the 2-D domain, 10 pm above the injury
site.
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Chapter 4

Modeling of the Behavior of

Tranexamic Acid on Fibrinolysis

As previously mentioned, the mechanisms underlying ATC are not yet fully understood,
making treatment difficult[3]. In this chapter, we focus on one treatment in particular,
tranexamic acid (TXA). TXA has been found to be often effective[49, 50]. However,
there are unknown circumstances in which the treatment has been reported to worsen
the condition, with increased bleeding and mortality. A meta-analysis of the CRASH-2
study found that the relative risk of death due to bleeding in patients who received TXA
compared to placebo was 0.68 for patients who arrived within 1 hour after injury, 0.79
for patients who arrived between 1 and 3 hours after injury, but 1.44 for patients who
arrived more than 3 hours after injury[6, [5I]. The risk of worsening the situation is one
of the main reasons why many health care organizations are hesitant to incorporate TXA
into their trauma protocol. Developing a mechanistic understanding of how TXA can

produce such contrasting results is necessary for widespread adoption of the treatment.

Tranexamic acid is an antifibrinolytic amino acid derivative that prevents the binding
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Figure 4.1: TXA interaction with plasminogen. Tranexamic Acid(TXA) inhibits fib-
rinolysis through its binding to plasminogen (Pg). This binding prevents plasminogen
from binding to fibrin, which inhibits activation through tPA.

of plasmin(ogen) to fibrin. This binding inhibits fibrinolysis in two ways (Figure [4.1]).
First, it slows down tissue-plasminogen-activator(tPA) mediated conversion of plasmino-
gen to plasmin, as fibrin acts as a substrate that increases the catalytic efficiency of the
reaction 500-fold. Even after activation, TXA-bound plasmin cannot bind to fibrin, di-
rectly preventing the digestion of fibrin[52]. The mechanisms behind the anti-fibrinolytic
properties of TXA are well understood, but the mechanism responsible for the possible

increased bleeding and mortality have yet to be determined.

A possible explanation for the varying effectiveness of TXA treatment is the interaction
between TXA and urokinase plasminogen activator (uPA or urokinase)[53]. Studies have
shown that uPA levels are elevated in many instances in traumatic injury[54, 55, and
since uPA-mediated plasmin activation occurs in solution, the inhibition of fibrin binding
by TXA is inconsequential to this process. Furthermore, there is another binding site

for TXA on plasminogen that induces a conformation change that speeds up plasmin
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activation approximately 3-fold[56]. However this explanation is incomplete, as multiple
studies have shown that despite the increase of plasmin generation, TXA still inhibits
fibrinolysis in uPA-mediated systems[57, 58]. This suggests that other conditions must be
met to change the behavior of TXA from anti-fibrinolytic to pro-fibrinolytic. To explore
the possible conditions under which TXA can increase fibrinolysis through uPA-mediated
plasmin generation, we constructed a differential equation based computational model.
This model builds on previous ODE models[15], 24, 11l 59, [60] of the coagulation and
fibrinolysis system, but focuses specifically on investigating the interaction between uPA

and TXA, which are not present in these models.

We found that additional plasmin inhibitors such as al-antitrypsin(A1AT) and «a2-
macroglobulin(A2M), two proteins not often associated with fibrinolysis, play a critical
role in preventing TXA-induced hyperfibrinolysis (Figure . If the other plasmin in-
hibitors are depleted, a2-antiplasmin (AP or antiplasmin) is not sufficient in preventing

fibrinolysis, and the presence of TXA acts to increase the rate of fibrinolysis.

Methods

Computational Model

In this paper we constructed an ordinary differential equation (ODE) model of the
coagulation process. This includes reactions for thrombin generation, fibrin formation
and fibrin degradation (Figure . Many of these reactions and their associated rate
constants are taken from models based on in vitro experimental results, and most of them

can be found in previously published ODE models[15, 24, 1T, 59, [60].
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Figure 4.2: Simplified diagram of reaction network. This network diagram shows the
important reactions in our model. Tissue factor (TF) initiates a chain of reactions in
the coagulation cascade resulting in thrombin (ITa). Thrombin converts fibrinogen into
fibrin, forming the clot. The clot is broken down by plasmin (Pn) which is activated
from plasminogen (Pg) in one of two ways, by tissue-plasminogen activator (tPA) or
urokinase-plasminogen activator (uPA). This diagram illustrates how tranexamic acid
(TXA) has properties that both inhibit and promote fibrinolysis. The purpose of this

paper is to explore which conditions cause the net effect to change from anti-fibrinolytic
to pro-fibrinolytic. Additional abbreviation: Fibrin Degradation Productions (FDP).

Our model focuses on the interactions between TXA and fibrinolysis, so it includes a
more detailed model of TXA-plasminogen binding (Figure . We model plasminogen
with 2 binding sites for TXA (labeled x and y), resulting in 4 species of Pg, depending
on whether TXA is bound to one or both of those sites (Pg, Pgx, Pgy, Pgxy). The x site
controls the pro-fibrinolytic activity of TXA. If TXA is bound to this site (K; = 600uM),
then its activation rate via uPA is increased 3-fold. The y site controls the anti-fibrinolytic
activity of TXA and has a much higher binding affinity (K; = 1.1uM). This is the bind-

ing site that fibrin and plasmin inhibitors such as a2-antiplasmin bind to. If the y site
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is occupied by TXA, it cannot bind to fibrin, which prevents it from being activated by
tPA and prevents it from degrading fibrin even after being converted to plasmin. While
tPA cannot activate the plasminogen species with its y site bound (Pgy, Pgxy), uPA can
activate all of these species of plasminogen. Therefore, in uPA-mediated systems, TXA

will increase the amount of plasmin generated[57, [56].

The reversibility of the TXA binding with plasmin(ogen) has an important consequence.
It means that eventually TXA bound to the y site will be replaced by a irreversible plas-
min inhibitor as long as there is some left in the system. This means that TXA is effective
at inhibiting fibrinolysis only if there is a sufficient supply of plasmin inhibitors[60]. A
complete description of the model, a complete list of reactions, rate constants and initial
conditions for our model can be found in the Appendix. The full model can be found

online at https://github.com/taicheeze/coag_ode_julia.

We initiated coagulation with 5 pM of tissue factor (TF), which is frequently used in
other computational models[24]. We examined the rate of fibrinolysis initiated with 2.5
nM tPA or 5 nM uPA, and varied the amount of TXA in the system (0, 1, 3, 14, 54 and

3470 uM) to compare to experimental results to those of Longstaff 2019[58)].

Results

TPA Mediated Fibrinolysis

The effects of TXA on tPA mediated fibrinolysis in our computational model behave
as expected and are confirmed by results of previous empirical experiments(Figure [61,

58, 57]. As more TXA was added to the system, fibrinolysis slowed down in a dose-
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Figure 4.3: Diagram of different variants of TXA-bound plasminogen. Plasminogen
has 2 binding sites that interact with TXA (labeled x and y in the model). One of the
binding sites with K; = 600uM changes the conformation that speeds up activation
by uPA. The other binding site with K; = 1.1uM prevents binding to fibrin, which
prevents activation via tPA as well as fibrin degradation. UPA can activate all 4 of
these variants, whereas tPA can activate only the variants with the second binding
site free.
dependent manner. This behavior is consistent through different initial concentrations of
plasmin inhibitors (not shown) as expected since the interactions between TXA and tPA
are straightforward and well established. These results show that the bulk of the model,

with the exception of the uPA pathway of fibrinolysis, is in agreement with empirical

data.
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Figure 4.4: Effects of TXA on tPA mediated fibrinolysis. Modeling results show that
Tranexamic Acid (TXA) affects tPA mediated fibrinolysis in a dose dependent fashion.
As the concentration of TXA increases, the rate of fibrinolysis decreases. At the highest
dose of TXA, fibrinolysis appears to be completely inhibited. These simulations are
initiated with 5 pM tissue factor, and an initial tPA concentration of 2.5 nM.

UPA Mediated Fibrinolysis

The interactions between TXA and uPA are more complex. Overall, fibrinolysis with

uPA is slower than with tPA, which can be for a variety of reasons. UPA activates plas-

min in solution rather than on the fibrin surface, making it easier to inhibit by plasmin

inhibitors. In our model, uPA is inhibited by protein C inhibitor (PCI) [62} [63] which is

present in our system with a greater concentration than the inhibitors of tPA. We note

that our model does not contain the many other reactions that can potentially consume

A2M and A1AT, which affect uPA-activated plasmin more than tPA activated fibrin.

Focusing on the plasmin inhibition role of these proteins, we simulated the effects of
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consumption of these proteins by varying their initial concentrations. Under conditions
simulated with high concentrations of plasmin inhibitors (Figure {.5A), TXA behaves in
an anti-fibrinolytic manner. Despite increasing the amount of plasmin in the system, the
activated plasmin is quickly bound to TXA, preventing it from degrading fibrin. The
TXA bound to the active plasmin is later replaced by one of the non-reversible plas-
min inhibitors, which permanently inhibits it. Higher concentrations of TXA shift the
equilibrium between TXA-bound plasmin and free plasmin, lowering the amount of free

plasmin at any given time, resulting in quick inhibition by other plasmin inhibitors.

When al-antitrypsin is removed from the system (Figure ), the behavior of the
system remains mostly unchanged. The effects of A1AT are not obvious until both
ATAT and A2M are removed. In this system, A1AT appears to play a role redundant to
A2M except much weaker, due to its much slower binding to plasmin[64]. When A2M is
removed from the system (Figure ), uPA mediated fibrinolysis becomes much more
apparent. However, TXA retains its anti-fibrinolytic behavior, with a small change in

behavior in the 10-100 M range, which has also been shown experimentally[57].

However, once both A2M and A1AT are removed from the system(Figure [1.5D), the
behavior of TXA flips. In this system, the only plasmin inhibitor left is antiplasmin.
Since the ratio of plasminogen to antiplasmin is nominally 2:1, a large amount of plasmin
activation can deplete antiplasmin. The presence of TXA increases the rate of plasmin
activation, and since the binding between TXA and plasmin is reversible, antiplasmin
will eventually deplete, and any remaining activated plasmin will rapidly degrade fibrin,

resulting in hyperfibrinolysis.
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Figure 4.5: Effects of TXA on uPA mediated fibrinolysis. Modeling results reveal that
the effect of TXA on uPA mediated fibrinolysis greatly depends on the presence or
absence of plasmin inhibitors in the system. When A2M is in the system, with (A) or
without (B) A1AT, fibrinolysis is inhibited and TXA behaves in an anti-fibrinolytic
fashion. When A2M is removed from the system, but A1AT is still present (C),
fibrinolysis can be observed. Under these circumstances, TXA exhibits anti-fibrinolytic
behavior and acts to slow down fibrinolysis in a dose dependent manner. When both
A2M and A1AT are removed from the system (D), TXA becomes pro-fibrinolytic, and
speeds up the rate of fibrinolysis through increased plasmin generation and antiplasmin
depletion. These simulations are initiated with 5 pM tissue factor, and an initial uPA
concentration of 5 nM.

TPA and uPA Mediated Fibrinolysis

The behavior of TXA also depends on the balance between tPA and uPA in the

system. In systems depleted of AIAT and A2M, TXA remains anti-fibrinolytic in the
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of tPA to uPA, the overall effect of TXA can go from pro-fibrinolytic (Figure and
B), to no effect(Figure [1.6C) to anti-fibrinolytic(Figure [1.6D). We can see that across
these concentrations of tPA, the curves for the highest TXA concentrations are more-

or-less identical. This shows that at high concentrations of TXA, the tPA pathway is
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Figure 4.6: Effects of TXA on systems with both tPA and uPA. Modeling results show
that the effect of TXA on systems with both tPA and uPA depend on the balance
between the two pathways. The concentration of uPA is held constant at 5nM, as
tPA is increased from 0.1nM to 2.5nM. When tPA is low compared tp uPA (A and
B), TXA exhibits the pro-fibrinolytic behavior similar to figure [4.5D. This behavior
shifts toward anti-fibrinolytic as tPA increases. At InM tPA (C), the hyperfibrinolysis
occurs at similar times regardless of the concentration of TXA. At 2.5nM tPA (D),
TXA is anti-fibrinolytic and acts to slow down hyperfibrinolysis. These simulations
are initiated with 5 pM tissue factor.
tPA pathway, but becomes pro-fibrinolytic in the uPA pathway. By modulating the ratio
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completely inhibited.

Discussion

In this paper we have proposed a mechanistic explanation for the variance of outcomes
in patients treated with TXA. In situations with elevated uPA and depletion of plasmin
inhibitors such as A1AT and A2M, TXA can speed up fibrinolysis, leading to increased
bleeding. Without A1AT and A2M, antiplasmin is quickly depleted and the generated
plasmin rapidly breaks down any fibrin clots uninhibited. One possible mechanism for
depletion of plasmin inhibitors during trauma may arise from the interactions between
A1AT and A2M with activated Protein C (APC)[65]. Many studies have shown that
high levels of protein C are correlated with trauma patients with worse outcomes|66), 47].
This is more likely to occur in patients that arrive late, as there is more time for the plas-
min inhibitors to deplete. Furthermore, the likely concurrence of high tPA in the system
during trauma can work in tandem to push a system toward hyperfibrinolysis[10]. Under
these conditions, TXA increases the amount of plasmin produced by uPA in solution
that rapidly consumes antiplasmin. Once antiplasmin has been reduced significantly,
TXA loses its ability to prevent tPA-mediated fibrinolysis and any plasmin generated on

fibrin surfaces will go uninhibited as A2M and A1AT cannot bind to fibrin-bound plasmin.

This model also provides an explanation for empirical studies that show how TXA can
increase plasmin generation in uPA systems, but at the same time slow down fibrinoly-
sis. This model shows that TXA binding to plasmin alone cannot prevent antiplasmin
from depleting, because the binding between TXA and plasmin is reversible. Regardless
of the amount of TXA in the system, free plasmin will always be present, but higher

concentrations of TXA decreases the amount of free plasmin available. This free plasmin
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will be consumed by plasmin inhibitors and shifts the equilibrium to generate more free
plasmin. In healthy plasma, there is an ample supply of plasmin inhibitors, and TXA
serves to lower the amount of free plasmin at any given time, leading to quick inhibi-
tion. However, if A2M and AI1AT are depleted, TXA can act to speed up the rate of
antiplasmin depletion because the concentration of plasminogen is approximately twice
the concentration of antiplasmin. This leaves the remaining free plasmin free to break
down fibrin unimpeded. Because of this, the presence of additional irreversible inhibitors

is necessary in a functional fibrinolytic system.

Even in the absence of TXA, these additional inhibitors are necessary in healthy fib-
rinolysis. During an injury, tPA deposits in endothelial cells are quickly released in large
amounts into the site of injury. During the time immediately after injury, plasmin ac-
tivators greatly outnumber its inhibitors such as PAI-1 and can quickly activate large
amounts of plasmin[60]. Without additional inhibitors, antiplasmin would quickly de-

plete, resulting in hyperfibrinolysis.

A mechanistic understanding of this phenomena has the potential to improve patient
treatment significantly. Currently, the decision on whether to use TXA in treatment de-
pends on whether the patient arrived before or after 3 hours post injury. Although this
heuristic protocol can be helpful, it will undoubtedly lead to instances in which patients
who can benefit from TXA treatment are not receiving it and patients who would suffer
adversely from it will be given it. With an understanding of the conditions under which
TXA helps or worsens a patientdAZs condition, we can identify patients that should
receive TXA and ones that shouldnaAZt. In addition, TXA treatment can potentially
be improved by using plasmin inhibitors in conjection with TXA to mitigate the risk of

hyperfibrinolysis through the depletion of plasmin inhibitors.
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Conclusions and Future Directions

As we unfold the complexity of biology and human anatomy, the use of computational
models will become increasingly more important for answering our questions. In this dis-
sertation we showed two applications of computational models for answering questions
in medicine. We were able to use these models to provide mechanistic explanations for
many phenomena surrounding acute traumatic coagulopathy. We showed that the en-
dothelial tPA released during injury can deplete the local supply of antiplasmin resulting
in coagulopathy through hyperfibrinolysis. Furthermore, this mechanism of coagulopa-
thy accounts for the region-specific hemostasis, the resistance to transfusion, and the
time-dependent efficacy of TXA treatment. We also presented a mechanistic explanation
for how TXA can be both anti-fibrinolytic or pro-fibrinolytic. We showed that the net
effect of TXA on fibrinolysis depended on the concentration levels of plasmin inhibitors
in the system.

The development of mechanistic understandings of this system has many potential clin-
ical applications. This knowledge can be applied to improved trauma protocols and the
development of new treatment options. Currently, coagulopathic patients are diagnosed

using systemic clotting assays such as thromboelastography (TEG), prothrombin time
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(PT) and partial thromboplastin time (PTT). These assays measure the overall clotting
properties of blood which is usually taken away from the injury site. However, with
a complex system like coagulation, there can be many different mechanisms for poor
clotting, which can be remedied in different ways. With an established mechanistic un-
derstanding of the disease, we can shift toward assaying individual protein concentrations
such as plasmin inhibitors to check for hyperfibrinolysis. Our work also shows that the
local environment significantly impacts the clotting profile of the blood, so this work may
influence the development of technologies to assess the conditions at the injury site. This
work can also have potential impact on the development of new treatments for ATC. In
this paper, we’ve identified the importance of plasmin inhibitors in preventing hyperfib-
rinolysis and how treatments such as TXA can be ineffective or even detrimental if given
in to patients depleted of plasmin inhibitors. Knowing this, external plasmin inhibitors
could potentially be used in conjunction with TXA to maintain the anti-fibrinolytic be-
havior of TXA.

Before these practical applications can be implemented, there still needs to be several
iterations between computational models and empirical experiments. One important
question to answer is how endothelial tPA concentrations vary in the body. Currently,
the values used in the model come from experiments performed on human umbilical vein
endothelial cells (HUVEC), so we don’t know if endothelial cells have different concen-
trations of tPA in capillaries or arteries compared to veins. We also do not know how
these concentrations vary in the cells of different regions of the body. Another important
area of interest is how the body responds to fluid resuscitation. Transfusions are a neces-
sary part of trauma therapy, but there are many complications that arise from it. These
complications include hemodilution, inflammation and issues with restoring perfusion to
organs[67, 68]. Once we understand what to expect when fluids are given we can model

the injury site as it is receiving treatment allowing us to test different treatment options.
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The models presented in this dissertation primarily focus on the chemical reactions in
the coagulation network. To answer the questions for practical applications, more com-
plex models may be necessary. Depending on the nature of the question, the model
may require the integration of other mechanisms such as complex dynamic flow dur-
ing coagulation|I8], 19} 20], TAFI regulation[11], platelet dynamics[21], as well as com-
plex mechanisms for fibrin degradation[22, [16], or even a full body model with organ
function[69].

This dissertation presented two examples where computational models can be used to
gain an mechanistic understanding of acute traumatic coagulopathy. Using our models,
we were able to gain insight that would be near impossible to achieve on intuition alone.
As our knowledge of biology and medicine grow, computational models will become in-
creasingly necessary to leverage all of this information. Moving forward, we hope that
this work will help illuminate the necessity of computational models and techniques in

biological and medical research.
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Appendix A

Model Details

A.1 Abbreviations

Roman numerals designate the coagulation factors, and if followed by a lower case
letter a, it indicates the activated version. Exceptions to this are II(prothrombin),
[Ta(thrombin), mlla(meizothrombin). Va3, Vab, Vab3 represent partially proteolized
forms of factor Va. A colon between species names indicate a complex formed between
those species. Other abbreviations are as follows: AP, as-antiplasmin; APC, activated
protein C; ATIII, antithrombin-III; FDP, fibrin degradation products; Fg, fibrinogen; Fnl,
fibrin I monomers; Fnll, fibrin II monomers; FPA, fibrinopeptide A; FPB, fibrinopeptide
B; HCF and LCA1, factor Va degradation products; PAI, plasminogen activator inhibitor-
1; PC, protein C; Pg, plasminogen; Pn, plasmin; TF, tissue factor; TFPI, tissue factor
pathway inhibitor; TM, thrombomodulin,;uPA, urokinase plasminogen activator; TXA,
tranexamic acid; PCI, protein c¢ inhibitor; a2mg, a2-macroglobulin; alat, al-antitrypsin.
In the ODE model, Pgx, Pgy, Pgxy, Pnx, Pnz, Pnxz refer to plasminogen or plasmin
bound to TXA at specific binding sites. APnc refers to antiplasmin without the c-terminal

region. In the PDE model, there are 4 separate species for tPA (tissue-plasminogen ac-
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tivator). stPA refers to the soluble molecule responsible for activating plasminogen, the
other three are surface species that supply stPA into the system through 3 mechanisms:

ctPA (constitutive release), artPA (acute release) and ictPA (intracellular release).

A.2 Model Structure

As mentioned in the main portion of the paper, we use a 2D rectangular domain to
represent our damaged blood vessel. Since we are primarily interested in the chemical
interactions between the injury site and the fluid, we believe that a 2-d rectangular
domain can sufficiently capture these dynamics. The width of the domain is 10mm, and
the height is varied between 10, 25, 50 and 100 gm. The domain was discretized on
a 50 x 25 grid, with a higher density of nodes near the bottom boundary(Figure .
Simulations were run on a finer mesh with twice as many elements along both x and
y axes to test for mesh independence with indistinguishable results. The left and right
boundaries of the rectangle represent the inlet and outlet of the channel respectively.
The top boundary is a non-reactive surface with a no-slip/no-flux boundary condition.
The bottom is a reactive surface that includes the site of the injury. There are additional

surface nodes located on this surface which contain concentrations of surface species.

ate

X coordinate (mm)

Figure S1: The Discretization Mesh. A 50 x 25 rectangular mesh is used to discretize
our domain. The spacing of the x coordinates are uniform where as the y-coordinates
are closer together near the bottom boundary. The y coordinates shown in this figure
are specific to the 10 pm channel and they are scaled up for the larger channels.
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We model the vessel as a reaction-diffusion system. We used a diffusion coefficient of 5
x 107 7em?/s, as used in previous models[20, 29, 30]. As mentioned in the main body
of the paper, the results that were reported were from simulations with no convective
flow (reaction and diffusion only) with periodic boundary conditions on the channel.
However, simulations with flow were performed with similar results that do not change
the conclusions presented in this paper.

We have modified the reactions from the ODE models by separating the fluid-phase
reactions from the surface-phase reactions. It is important to separate the reactions
because certain species such as tissue factor (TF) and thrombomodulin (TM) exist pri-
marily on the surface of a blood vessel, thus the reactions associated with those surface
species must take place on the surface. To accomplish this, we took the platelet binding
reactions from Kuharsky(2001)[36] to simulate the binding of coagulation factors to the
injury surface. Those bound factors can then form the enzyme complexes at the injury
site as a surface species. The rates of reactions between two surface species were adjusted
from the original volumetric values in a similar way by using a constant boundary layer
thickness of 1um instead of a varying boundary layer thickness between 0 and 3um|[36].
In addition to the factors bound to platelet binding sites (PBS), TF and TM were mod-

eled as surface species that bind to fluid species to form enzyme complexes on the surface.

As previously mentioned, the bottom boundary represents the endothelial surface, in-
cluding the site of injury. The nodes of the surface contain surface species such as the
endothelial t-PA which is secreted into the fluid domain. This release is represented as a
boundary flux reaction in which a surface species (ctpa, artpa or ictpa) is converted to
the fluid phase (stpa) so that it can activate plasminogen. Most of the bottom surface
is anti-coagulant, in that the only reactive protein on it is thrombomodulin. The part

that represents the injury site also contains tissue-factor, which is exposed to plasma
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upon injury, as well as PBS, the sites that coagulation factors bind to once platelets
are activated and attached to the injury surface. We used an amount of tissue factor,
5 pmol/m?, that leads to the same peak thrombin time as for the ODE simulations in
Brummel-Orfeo-Mann (2012)[24]. The concentration of PBS was taken as the surface
concentration of each binding site on a platelet[36], multiplied by the platelet concen-
tration of 330 fmol/m?. This concentration was fit via parameter sweep to produce
similar peak thrombin times as the ODE model[24]. A similar value is used in Kuharsky
(2001)[36] for maximum activated platelet concentration on the subendothelium, which
ranged from 220 to 660 fmol/m? depending on the height of the boundary layer. For our
simulations, we assumed that the maximum number of PBS at the injury site is available
from the start. In addition, the injury site also contains tPA to be released into the

plasma via acute and intracellular release.

We took the injury site to be 20% (2 mm) of the length of the channel, starting 3mm
into the channel. We chose this length for the injury site so that the injury was large
enough to contain enough mesh elements to resolve the solution in the area without
needing a finer mesh, but not so large that it became the driving mechanism behind the
results. Simulations with different injury length were run, and lysis time decreased as

injury length increased.

A.3 Kinetic Equations

The concentrations in our system are governed by the convection-diffusion-reaction

equation. The general equation for a given fluid species i is:
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9[C;
= —v-(@[C)+7-(DV[C))+ R
Con;erction Diff‘ursion Reaction

In which C; denotes the concentration of species i, U represents the fluid velocity vector,
D represents the species diffusivity. The reactions, R;, represent the sum of all reaction
rates in which the species is a reactant or a product, the general form for these reactions

can be found in the next section.

Since the results of this paper do not use flow, and we have constant diffusivity, the

governing equation for a fluid species can be can be simplified to:

Diffusion Reaction

Furthermore, in our study, we assume that surface species do not diffuse as they are
either bound to cells or platelet binding sites, the differential equation for surface species

s, will only contain the reaction portion as such:

olC] _
ot —RS

A.4 Calculating Reaction Rates

The reactions in this model can be reduced to three separate types: Fluid-Fluid,
Surface-Surface and Surface-Fluid reactions. The following section details the process

for calculating the reaction rates for each type of reaction.

A.5 Calculating Rates for Fluid-Fluid Reactions

Unless otherwise specified in Appendix [B] reaction rates are calculated as standard

mass action reactions. For example, given a reversible reaction between 3 Fluid Species,
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F1, F5, and F3, with a forward reaction rate constant k; and a backwards rate constant

le
Fi+ Fy,= F3

We get the forward reaction rate r; = ki [F1|[Fy] and backwards reaction rate ro = ko[ F3).
The rate of change of each species from reaction contribution (ignoring diffusion and
convection), is the total rate of change after summing all of the production and depletion

rates in which the species participates as either a reactant or a product.

A.6 Calculating Rates for Surface-Surface Reactions

With the exception of reaction 96, the Surface-Surface Reactions are also in the form
of mass-action reactions. Many of our Surface-Surface Reactions were adapted from ODE
models with only volumetric reactions. It is important to separate the reactions because
certain species such as tissue factor (TF) and thrombomodulin (TM) exist primarily on
the surface of a blood vessel, thus the reactions associated with those surface species must
take place on the surface. To accomplish this, we took the platelet binding reactions from
[36] to simulate the binding of coagulation factors to the injury surface. Those bound
factors can then form the enzyme complexes at the injury site as a surface species. The
rates of reactions between two surface species were adjusted from the original volumetric
values in a similar way by using a constant boundary layer thickness of 1 pym instead of
a varying boundary layer thickness between 0 and 3 pm [36]. In addition to the factors
bound to platelet binding sites (PBS), TF and TM were modeled as surface species that
bind to fluid species to form enzyme complexes on the surface.

We make this conversion by considering a boundary thickness, h, of 1um. Then for a
species S, we can relate its volumetric concentration to its surface concentration, as well

as the volumetric reaction rate to the surface reaction rate with the relationship:
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Then, if we consider the original volumetric reaction between 3 Surface Species, S, Ss,

and Sz, with a forward reaction rate constant ks and a backwards rate constant ks:
Sl + Sz - Sg

We get the volumetric forward reaction rate r,3 = k3[S1],[52], and volumetric backwards
reaction rate 1,4 = k4[Ss],. If we convert the concentrations and rates to their surface

counterparts, we get the following rates:

Ts3 = %[51]5[52]5
Tsqa = k4[S3]s

The forward reaction can be re-written using a new constant, l;;,, with the relationship:
/% = %3 resulting in the forward reaction rate ry3 = /;3[51]5[52]8. The values listed on
Appendix [C] have already been adjusted using this conversion when appropriate. Then,
similarly to the fluid reactions, the rate of change of the surface species is the sum of
all of the production and depletion rates in which the species participates as either a

reactant or a product.

A.7 Calculating Rates for Surface-Fluid Reactions

As mentioned in the article, changes to the fluid concentrations during a Surface-Fluid
reaction are handled as a boundary flux. If we consider a reversible reaction between 2
Surface Species, S3, Sy, and a Fluid Species F3, with a forward reaction rate constant ks
and a backwards rate constant kg:

53—|—F3 = 54
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The surface reaction rates come out to rg5 = k5[S3]s[F3], for the forward rate and ry =
ke[S4)s for the backward rate. These are included when calculating the rate of change for
the surface species as part of the set of reactions a surface species is involved with. We
also use both of the right hand sides as the boundary fluxes g5 = —k;[Ss]s[F5), (negative
because it consumes the fluid species), and gs = kg[S4]s, which are applied as boundary

conditions on the surface on which the reaction occurs as:

O F} 1 L
([9711] = 522-:1 4di

Where n is the unit vector normal to the boundary (in our case it’s always the y direction),
D, is the diffusivity constant (we used 5 x10~"m?/s), L is the number of Surface-Fluid
reactions that the fluid species is involved in and ¢; are the individual boundary fluxes

of each of those reactions.

A.8 Additional Information on Endothelial T-PA Re-
lease

The rates of these reactions were calculated by fitting data from in vitro experiments
performed by van den Eijnden-Schrauwen (1995)[27]. The initial values for t-PA storage
(maximum value of 150 pM m™2) in endothelial cells were calculated based on in vivo
estimates by Emeis (1992)[32], and we took the surface density of endothelial cells to be
1 x 105 cells em™2|33]. The parameter fitting for t-PA release was performed using the
MATLAB Global Optimization toolbox, the fits are shown in Figure
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A.9 Additional Information on TXA Model

In order to model, we approximated the percentage of fibrinogen that would be bound
after a dose of TXA. According to McCormack(2012)[38], the plasma concentration of
TXA after a 1g dose was around 10 mg/L, this results to a molar concentration of
approximately 60 M. In the same paper, it is mentioned that only 3% of TXA in the
plasma is bound to plasma proteins, of which almost all is attributed to plasminogen.
This means that in healthy patients, approximately 1.8 puM of plasminogen was bound
by TXA, which is 90% of our initial concentration. Thus, we model TXA infusion by
instantaneously by removing 90% of the current plasminogen concentration at the time

of activation.
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Figure S2: Fits for T-PA release. Data from van den Eijnden-Schrauwen (1995)[27] was
used to fit the release rates for constitutive and acute release. Plots of the parameter
fits for (A) constitutive release, the surface t-PA plot is not visible as it matches the
top border of the plot, it is a constant line to show that the t-pa supply for constitutive
release remains constant while releasing into the lumen at a linear rate. In order to
capture the rate of acute release when stimulated by thrombin, parameters are fit to (B)
the amount of t-PA released at 3 minutes when stimulated with varying concentrations
of thrombin, as well as (C) time dependent measurements of t-PA release. Initial
concentration measurements of intracellular release were based on amounts of t-PA
measured from endothelial cell lysates.

52



Model Details Chapter A

A.10 Numerical Solver Information

The system of PDE’s were solved using the PETSc PDE solver[70]. The problem is
split into four parts using the method of operator splitting. At each time step, we solve
surface reactions, volume reactions, convection (not applicable to this paper), and vol-
ume diffusion/boundary flux release independently, and then combine them afterwards.
The reaction and diffusion steps are solved using Backward-Euler. The convection step
(not used in this paper) is solved using Forward-Euler. The solver uses the PETSc
DMDA library to construct the mesh and the TS, SNES, KCP libraries to solve the
differential equations using finite difference methods. The minimum and maximum time
steps provided to the TS solver were le-3 s and 1 s respectively. The absolute and
relative tolerances are set to le-9, and be-3 respectively. The simulations performed in
this paper were run on an Ubuntu system using a 4-core 3.4 GHz IntelCore i7-3770k
Processor. Each simulation took about an hour to complete. Post-processing analysis
was performed using MATLAB. For further details, the code is written in C and can be

found at https://github.com/taicheeze/coag_model.
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List of Fluid Reactions Chapter B

7# Reaction kforward(m‘j/mol % )1 Erecverse(1/s)1
1 XatVII=>XaltVlila 1.30E+04
2 Ta VII—>1la | Vila 2.30E+01
3 Xa+II=>Xa+tIla 7.5
4 IMa+ VIII=>I1la+VIlia 2.00E 104
5 Villa<=>VIIlalL+VIIIa2 6.00E-03° 2.20E+01%
6 IatV=>IlatVa 2.00E+04
7 Xal TFPI<—>XaTFPI 9.00E+02 3.60E-04
] Xa-+ATIII=>XaATIII 1.5
9 mlilat ATIII—>mlIlaATIII 71
10 | IXatATIII=>IXaATIII 4.90E-01
11 | IlatATIII—>11aATIII 71
12 IIaJrsubstrate:>Ha+ﬂuorescence2 1
13 | IXalX—>1IXalXa 5.7
14 mlla4+V=>mlla+Va 3.00E+403
15 | APC+Va<=>APCVa 1.00E+05 7.00E-01
16 | APCVa=>APC+Va5 13
17 | APCVa=>APC+Va3 1.92E-01°
18 | APC+Vab<—=>APCVab 1.00E+05 7.00E-01
19 | APC+Va3<=>APCVa3 1.00E+05 7.00E-01
20 | APCVa5=>APC+Va53 13
21 APCVa3=>APC+Va53 13
22 | Va3=>HCF+LCA1 2.80E-02°
23 | Va53=>HCF+LCA1l 2.80E-02°
24 | APCILCAI<—>APCLCA1 1.00E+05 7.00E-01
25 | XI+lla<—=>1laXI 1.00E105 1.00E+01
26 | IlaXI=>Ila+XlIa 1.433
27 APC=>NULL 1.11E-033
28 | Fgtlla<=>Fg:lla 1.00E105 7.20E+02
29 | Fg:lla=>Fnl+Ila+FPA 8.4E+013
30 | Fnlllla<—>Fnl:lla 1.00E105 7.50E+02
31 Fnl:Ila=>Fnll+Ila}+FPB 7.43
32 | 2Fnl<—=>Fnlg 1.00E 103 6.40E-02
33 | Fnla—tlla<=>Fnly:1la 1.00E+05 7.50E+02
34 | Fnly:Ila=>Fnll5+Ila+2FPB 4.90E+013
35 | Fnlltlla<—>Fnll:lla 1.00E+05 1.00E+03
36 | Fnlg:llatATIII=>Fnl2:11a:ATIII 1.60E+01
37 | Fnl:1lat ATIII—>Fnl:1la:ATIII 1.60E 101

!'Default units unless specified.
2Reaction originally included to compare to experimental results detecting thrombin concentration
via fluorescent antibodies.
This reaction is not relevant to this particular paper and was disabled by setting initial concentration
of substrate species to zero.
3Units of s71.
4Units of m?/mol * s.
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List of Fluid Reactions Chapter B

List of Fluid Reactions cont.

# Reaction k:forward(mS/mol * s)T Ereverse(1/s)!
38 Fnll:ITa+ATIII=>FnII:ITa:ATIII 1.00E+01
39 Pn+AP=>Pn:AP 4.00E+02

40 | FnlI=>FDP? —

41 | Fnlly=>2FDP?* —
42 | stPA}+PAI=>stPA:PAI 4.50E+02

43 | Pg=>Pn?° —
44 | Fnl=>FDP? —
45 | FnI2=>2FDP*% —
46 | PAITAPC=>PAL:APC 1.80E+02

Reactions and rate constants for reactions 1-27, except 12, come from Brummel-
Ziedins(2012)[24]. Reactions and rate constants for reactions 28-38 come from analysis
on Ref. [7I] done by Mitrophanov (2014)[I1]. Reaction 39 and the corresponding rate
constant come from Schneider (2004)[72] using the value for anti-plasmin binding in the
presence of fibrin. Reactions and reaction rates for reactions 40, 41, 44, 45 come from
Kim (2007)[73]. Reaction 42 and the corresponding rate constant come from Hekman
(1988)[74]. Reaction 43 and the corresponding kinetic constants come from Mitrophanov

(2014)[IT] which were adaptations from Horrevoets (1996)[75]. [

!Default units unless specified.
3Units of s71.
4The reaction rate of fibrin degradation is determined using the following Michaelis-Menten

formulation:
0

— K1 [Pn][Fibrin]
n 7 Ko+[Fibrin|

Owhere r,, is the reaction rate associated with reaction n, [Fibrin]| is the fibrin species in reaction n,
K, =047s571,
Ky = 21210 3mol /m3
5The reaction rate of plasminogen activation is determined using the steady-state template model

described in Horrevoets (1996)[75]:
0

K3[stPA|[Pg][F]/(Ka+[F])
[Pgl+K5(Ke+[F])/(Ka+[F])

T43 =

Owhere [F] = [Fnll])+2[Fnll,], K3 = 9.021072s7!, Ky = 7.7210"5mol/m3, K5 = 4.1210~*mol /m?3,
Kg = 3.0010~*mol /m?
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List of Surface Reactions Chapter C
# Reaction kforward(md/m‘)l * 5)1 k'reverse(l/s)l
1 TF+VII<=>TF:VII 3.20E+03 3.10E-03
2 TF+VIla<=>TFV:IIa 2.30E+04 3.10E-03
3 TF:VIla+VII=>TF:VIla+VIla 4.40E+02
4 TF:VIla+X<=>TF:VIla:X 2.50E+04 1.05E+4-00
5 TF:VIla:X=>TF:VIla:Xa 6.003
6 TF:VIla+Xa<=>TF:VIla:Xa 2.20E+04 1.90E+01
7 TF:VIla+IX<=>TF:VIla:IX 1.00E+04 2.40E-+00
8 TF:VIla:IX=>TF:VIla+IXa 1.8000e+00°
9 TF:VIla:Xa+TFPI<=>TF:VIla:Xa: TFPI 3.20E+05 1.10E-04
10 TF:VIla+Xa: TFPI=>TFVIla:Xa:TFPI 5.00E-+04
11 TF:VIla+ATIII=>TFVIIla:ATIIT 2.30E-01
12 IX4+P9<=>IX:P9 1.00E+4-04 2.50E-02
13 IXa+P9<=>IXa:P9 1.00E+04 2.50E-02
14 IXa+P9s<=>IXa:P9s 1.00E+04 2.50E-02
15 X+P10<=>X:P10 1.00E+04 2.50E-02
16 Xa+P10<=>Xa:P10 1.00E+4-04 2.50E-02
17 V+P5<=>V:P5 5.70E+04 1.70E-01
18 Va+P5<=>Va:P5 5.70E-03 1.70E-01
19 VIII4+P8<=>VIIL:P8 5.00E+04 1.70E-01
20 VIIla+P8<=>VIII:aP8 5.00E+04 1.70E-01
21 II+P2<=>11:P2 1.00E+4-04 5.90E+00
22 ITa+P2<=>1la:P2 1.00E+4-04 5.90E+00
23 V:P5+Xa:P10<=>V:P5:Xa:P10 1‘00E+102 1.00E+4-00
24 | VP:5:Xa:P10=>Va:P5+XaP10 4.60E-02°3
25 | V:P5+1laP2=>Va:P5+1la:P2 2.00E+09°
26 VIII:P8+4Xa:P10<=>VIII:P8:Xa:P10 5‘10E+09z 1.00E+4-00
27 VIII:P8:Xa:P10=>VIIla:P8+Xa:P10 2.30E-02°
28 ITa:P2-+VIII:P8=>Ila:P2+VIIla:P8 2‘OOE+092
29 IXa:P9:VIlla:P8+X:P10<=>1Xa:P9:VIIIa:P&8:X:P10 1‘OOE+102 1.00E-03
30 I1Xa:P9:VIIIa:P8:X:P10=>1Xa:P9:VIIIa:P8+Xa:P10 8‘20E+00‘5
31 IXa:P9s:VIIla:P8+X:P10<=>IXa:P9s:VIIla:P&8:X:P10 1‘OOE+1OZ 1.00E-03
32 IXa:P9s:VIIIa:P8:X:P10=>1Xa:P9s:VIIIa:P8+Xa:P10 8‘20E+00‘5
33 Xa:P10:Va:P5+I11:P2<=>Xa:P10:Va:P5:11:P2 1‘00E+102 1.03E+02
34 Xa:P10:Va:P5:11:P2=>Xa:P10:Va:P5+mlla:P2 6.35E+015
35 IXa:P9+4VIIla:P8<=>IXa:P9:VIIla:P8 1.00E+097 5.00E-03
36 IXa:P9s+VIIla:P8<=>IXa:P9s:VIIIa:P8 1.00E+097 5.00E-03
37 Xa:P10+Va:P5<=>Xa:P10:Va:P5 4.00E+4102 2.00E-01
38 mlla:P2+Xa:P10:Va:P5=>IIa:P2+Xa:P10:Va:P5 2.30E+1OZ
39 VIIla:P8<=>VIIlalL:P8-+VIIla2 6.00E-03° 2.20E401%
40 IXa:P9:VIIIa:P8:X:P10=>VIIIalL:P8+ VIIIa2+IXa:P9+4X:P10 1.00E-033
41 IXa:P9s:VIIIa:P8:X:P10=>VIIlalL:P8+4VIIla2+IXa:P9s+X:P10 1.00E-033
42 IXa:P9:VIIIa:P8=>VIIIalL:P8+VIIla2+IXa:P9 1.00E-033
43 IXa:P9s:VIIIa:P8=>VIIlalL:P8-+VIIIa2+4IXa:P9s 1.00E-033
44 VIIlalL:P8=>VIIlalL+P8 1.70e-013
45 mlla4P2<=>mlla:P2 1.00E+04 5.90E-+00
46 X+I1Xa:P9:VIIIa:P8<=>IXa:P9:VIIla:P8:X 1.00E+05 1.00E-03
47 IXa:P9:VIlla:P8:X=>Xa+IXa:P9:VIIIa:P8 8.20E+00‘5
48 X+IXa:P9s:VIIIa:P8<=>IXa:P9s:VIIIa:P8:X 1.00E+05 1.00E-03

'Default units unless specified.
2Units of m?/mol x s

3Units of s71.

4Units of m?/mol * s
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List of Surface Reactions Chapter C
List of Surface Reactions cont.
# Reaction kforwaTd(mS/mol * s)1 Ereverse(1/s)T
49 IXa:P9s:VIIIa:P8:X=>Xa-+|IXa:P9s:VIIla:P8 8.20E+005
50 I14+Xa:P10:Va:P5<=>Xa:P10:Va:P5:11 1.00E+05 1.03E+02
51 Xa:P10:VaP5:II=>mlla+Xa:P10:Va:P5 6.35E+01d
52 Xa:P10:Va:P5+mlIla=>Xa:P10:Va:P5+11a 2.30E+-05
53 Xa:P10+VII=>Xa:P10+VIla 1.30E+04
54 ITa:P2+4+VII=>1Ia:P2+VIla 2.30E+01
55 Xa:P10+II=>Xa:P10-+I1Ia 7.50E4-00
56 Xa:P10+1I:P2=>Xa:P10+I1Ia:P2 7.50E+052
57 Xa+II:P2=>Xa-+I1Ia:P2 7.50E+00
58 ITa+VIII:P8=>I1la+ VIIla:P8 2.00E+04
59 ITa: P24 VIII=>IIa:P2+4VIIIa 2.00E+04
60 ITa+V:P5=>1la+Va:P5 2.00E+04
61 ITa:P24+V=>IIa:P2+4Va 2.00E+404
62 ITa:P2+substrate=>1Ia:P2+fluorescence 1.00E+00
63 Va3+P5<=>Va3:P5 5.70E-03 1.70E-01
64 Va5+P5<=>Vab5:P5 5.70E-03 1.70E-01
65 Vab3+P5<=>Vab3:P5 5.70E-03 1.70E-01
66 Xa:P10+Va3:P5<=>Xa:P10:Va3:P5 4.00E+102 1.50E-01
67 Xa:P10+Vab5:P5<=>Xa:P10:Va5:P5 4.00E+102 1.50E-01
68 Xa:P10:Va5:P5+11:P2<=>Xa:P10:Va5:P5:11: P2 1.OOE+102 1.03E+02
69 Xa:P10:Va5:P5:11:P2=>Xa:P10:Va5:P54+mlla:P2 1.03E—|—013
70 Xa:P10:Va3:P5+I11:P2<=>Xa:P10:Va3:P5:11:P2 1.00E+10 1.03E+02
71 Xa:P10:Va3:P5:11:P2=>Xa:P10:Va3:P54+mlla:P2 1.O3E+015
72 mlla:P2+4+Xa:P10:Va5:P5=>1Ia:P2+Xa:P10:Va5:P5 4.60E+092
73 mlla:P2+4+Xa:P10:Va3:P5=>IIa:P2+Xa:P10:Va3:P5 4.60]‘3—1—092
74 Xa:P10:Va3:P5—>HCF+LCA1+Xa:P10 3.50E-03°
75 Xa:P10:Va3:P5:11:P2=>HCF+LCA1+Xa:P10+11:P2 3.50E-03°
76 Xa:P10+Vab3:P5<=>Xa:P10:Va53:P5 4.00E+102 1.50E-01
77 Xa:P10:Va53:P5+11:P2<=>Xa:P10:Vab3:P5:11: P2 1.OOE+1OZ 1.03E+02
78 Xa:P10:Va53:P5:11:P2=>Xa:P10:Va53:P5+mlla:P2 1.O3E—|—01d
79 mlla:P2+4+Xa:P10:Va53:P5=>1la:P2+Xa:P10:Va53:P5 4.60]‘3—1—092
80 Xa:P10:Va53:P5—>HCF+LCA1+Xa:P10 3.50E-033
81 Xa:P10:Va53:P5:11:P2=>HCF+LCA1+Xa:P10+I11:P2 3.50E-033
82 II:P2+Va:P5<=>11:P2:Va:5 1AOOE+1OZ 7.00E+401
83 Xa:P10:Vab5:P5+APC=>Xa:P10:Va53:P5+APC 4.05E+03
84 TM+Ila<=>TM:IIa 1.00E+05 3.30E-01
85 TM:Ila+PC<=>TM:IIa:PC 1.00E+05 1.00E-+02
86 | TM:Ila:PC=>TM:Ila+APC 4.10E-01°
87 TM:1Ta+ATIII=>1Ta:ATIII4+TM 7.10E+4-00
88 TM:Ila+APC<=>TM:Ila:APC 1.00E+05 1.00E-+02
89 TM+mlla<=>TM:mlla 1.00E+05 3.30E-01
90 TM:mlIla+PC<=>TM:mlla:PC 1.00E+05 1.00E--02
91 TM:mlIla:PC=>TM:mlIla+APC 4.10E-01°
92 TM:mlIla+ATIII=>mlIla:ATIII4+TM 7.10E4-00

!Default units unless specified.
2Units of m?/mol x s
3Units of s71.
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List of Surface Reactions Chapter C

List of Surface Reactions cont.

# Reaction kforwaTd(m:)’/mol * s)l kreverse(1/s)t
93 | ctPA=>stPA 2.21E-05°
94 | NULL<=>ctPA?* 1.57E-14 1.93E-04
95 NULL<=—>artPA % 1.02E-15 3.47E-04
96 artPA—>stPA° —
97 | ictPA=>stPA 0.0116°

Rate constants associated with the binding of fluid species to PBS are from Kuharsky et
al.|36]). The remainder of the rate constants are from Brummel-Ziedens et al.[24]), with the
exception of the rate constants for reactions 62, 93-98. The rate constants for 93-98 were fit to

data in van den Eijnden-Schrauwen (1995)[27]. i1

'Default units unless specified.
2Units of m?2/mol * s
3Units of s71.
4These reactions represent the synthesis/degradation of constitutive (ctPA) and acute release tPA
(artPA), the forward reaction rate
is the rate of production in units of m?/mol x s, these rates were fit from data from van den Eijnden-
Schrauwen (1995)[27], if intra-cellular tPA is turned on, these
rates are halved to simulate half of the cells rupturing from injury (rates away from the injury have
little effect).
5The thrombin-induced release rate of artPA was fit to the data from van den Eijnden-Schrauwen
(1995)[27], with the form:

sros = kylart PA|[IIa)?

where ki = 4.06(mol /m3) =05 x 571
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List of Reactions in ODE model Chapter D
+# Reaction kforward(md/M % s)T krcverse(1/s)t
1 TF | VIl = TF_VII 3.20E1 06 3.10E-03
2 TF | Vila = TF Vlla 2.30E+07 3.10E-03
3 TF VIla + VII » TF VIla + VIla 4.40E+057
4 Xa + VII — Xa | Vlla 1.30E107
5 Tia + VII — lia + Vlila 2.30E 104
6 TF Vila X = TF VIla X 2.50E+07 1.05E+00
7 TF VIla X — TF VIla Xa 6.00E+4007
8 TF VIila | Xa = TF Vlila Xa 2.20E107 1.90E 01
9 TF VIla | IX = TF Vila IX 1.00E+07 2.40E+00
10 | TF VIla IX — TF VIla + Ixa 1.80E 002
11 | Xa + II — Xa + lia 7.50E103
12 | lia + VIII — lia + VIiia 2.00E 107
13 | VIlla | IXa = Villa IXa 1.00E+07 5.00E-03
14 | VIlla IXa } X = Villa IXa X 1.00E108 1.00E-03
15 | VIIla IXa X — VIIla IXa + Xa 8.20E+007
16 | VIIla = VIIllcal + VIIIa2 6.00E-03 2.20E+404°
17 | VIIla IXa X — VIIlcal +VIIla2 + X 4 IXa 1.00E-032
18 | VIIla IXa — VIIllcal 4VIIla2 4 IXa 1.00E-03°
19 | Ila + V — Ila + Va 2.00E+07
20 Va + Xa = Xa Va 4.00E+4-08 2.00E-01
21 | Xa Va | Il = Xa Va II 1.00E}08 1.03E+02
22 | Xa Va II —» Xa Va + mlla 6.35E401°
23 mlla + Xa Va — Ila + Xa Va 2.30E+08
24 | Xa | TFPI = Xa TFPI 9.00E105 3.60E-04
25 | TF VIla Xa | TFPI = TF VIla Xa TFPI 3.20E+08 1.10E-04
26 | TF VlilatXa TFPI - TF Vila Xa TFPI 5.00E 107
27 | Xa + ATIII — Xa ATII 4.20E103
28 | mlla § ATIII — mlla_ATIII 7.10E103
29 | IXa + ATIII — IXa ATIII 4.90E102
30 | Ila | ATIII — Ila_ ATIII 1.60E104
31 | TF VIla  ATIII — TF VIla_ ATIII 2.30E102
32 | TM | [la = TM Ila 1.00E+08 3.30E-01
33 | TM Ila  PC = TM Ila_ PC 1.00E108 1.00E+02
34 | TM Ila PC — TM Ila + APC 4.10E-01
35 | TM Ila | ATIII —» TM Ila ATIII 7.10E+03
36 | APC | Va = APC Va 1.00E}08 7.00E-01
37 | APC Va — APC | Va5 1.00E+4002
38 | APC Va — APC Va3 1.92E-017
39 | APC | Va5 = APC Vab 1.00E+08 7.00E-01
40 | APC | Va5 = APC Va5 1.00E108 7.00E-01
41 | APC Va3 — APC | Va53 1.00E+4002
42 | APC Va5 — APC + Va53 1.92E-017

'Default units unless specified.
2Units of s71.
3Units of 1/M x s.

62



List of Reactions in ODE model Chapter D
List of Reactions in ODE model cont.
# Reaction kforward(m> /M * )T | kreverse(1/s)"
43 | Va3 — HCF + LCA1l 2.80E-027
44 | Va53 — HCF + LCA1 2.80E-027
45 | APCTLCAl1 = APC_LCAl 1.00E+08 7.00E-01
46 | TM Ila  APC = TM Ila_ APC 1.00E+08 1.00E+02
47 Vab + Xa = Xa Vab 1.50E+08 1.50E-01
48 | Va3 | Xa = Xa Va3 1.50E108 1.50E-01
49 | Xa Vab | 1l = Xa_ Vab II 1.00E+08 1.03E+02
50 | Xa Vab II —» Xa Vab + mlla 1.03E4+012
51 | Xa Va3 | Il = Xa Va3 11 1.00E+08 1.03E+02
52 | Xa Va3 II — Xa Va3 + mlla 1.03E+017
53 mlla + Xa Va5 — Ila + Xa Vab 4.60E+07
54 mlla + Xa Va3 — Ila + Xa Va3 4.60E+07
55 | Xa Va3 — Xa + HCF + LCA1 3.50E-032
56 | Xa Va3 II — Xa + II + HCF + LCA1 3.50E-032
57 | IXa + X — IXa + Xa 5.70E103
58 mlla + V — mlla + Va 3.00E+06
59 | TM | mlla = TM mlla 1.00E+08 3.30E-01
60 | TM mlla + PC = TM mlla PC 1.00E+08 1.00E+02
61 | TM mlla PC — TM mlla + APC 4.10E-012
62 | TM mlla | ATIII —» TM mlla_ ATIII 7.10E+03
63 | Vab3 | Xa = Xa_Vab3 1.50E108 1.50E-01
64 | Xa Vab3 | Il = Xa Vab3 11 1.00E+08 1.03E+02
65 | Xa Va53 II — Xa Va53 + mlla 1.03E+012
66 mlla + Xa Va53 — Ila + Xa Vab3 4.60E+07
67 | Xa Va53 — Xa + HCF + LCA1 3.50E-037
68 | Xa Va53 II — Xa + II + HCF | LCA1 3.50E-032
69 | II  Va=1I Va 1.00E+08 7.00E+01
70 Xa Vab + APC — Xa Vab3 + APC 4.05E-+06
71 | APC — NULL 1.10E-03°
72 | Fg | lla = Fg Ila 1.00E+08 7.20E+02
73 | Fg Ila — Fnl + Ila + FPA 8.40E+017
74 | Fnl | Ila = Fnl Ila 1.00E+08 7.50E+02
75 | Fnl Ila — Fnll 4 Ila + FPB 7.40E4007
76 | 2Fnl = Fnl2 1.00E+06 6.40E-02
77 | Fnl2 | lla = Fnl2 lla 1.00E108 7.50E+02
78 | FnI2 Ila = FnlI2 + Ila + 2FPB 4.90E+01°
79 | Fnll | Ila = Fnll Ila 1.00E+08 1.00E+03
80 | Fnl2 Ila | ATIII — Fnl2 Ila_ ATIII 1.60E+04
81 | Fnl Ila | ATIII — Fnl Ila ATIII 1.60E+04
82 | Fnll Ila | ATIII — Fnll Ila_ ATIII 1.00E+04
83 | Pn + AP — Pn AP 3.00E106
84 | stPA | Fnll = stPA Fnll 1.00E+04 5.80E-03

'Default units unless specified.
2Units of s~ 1.

63



List of Reactions in ODE model Chapter D

List of Reactions in ODE model cont.

+# Reaction kforward(md/M * )T kreverse(1/s)t
85 | stPA | Fnll2 — stPA Fnll2 1.00E 04 5.80E-03
86 | stPA | PAI — stPA PAI 4.50E105
87 | Pn Fnll — Pn + FDP 3.13E-017
88 | Pn FnlI2 — Pn + 2FDP 3.13E-017
89 | APC | PAT - APC_ PAI 1.80E1 05

90 Pg — Pn (uPA)3
91 | Pgx — Pgx (uPA)3

92 | TXA | Pg — Pgx 1.00E108 6.00E 104
93 | PAI + uPA — uPA PAI 7.00E+06

94 | Pn - TXA = Pnx 1.00E 108 6.00E104
95 | Pg + Fnll = Pg_ Fnll 1.00E 105 2.20E-01
96 | Pg + Fnll2 — Pg_Fnll2 1.00E 105 2.20E-01

97 | Pg Fnll — Pn_ Fnll (tPA)*
98 | Pg FnlI2 — Pn_ FnllI2 (tPA)*

!'Default units unless specified.

2Units of s~ 1.

3The reaction rate of uPA-mediated plasmin activation is determined using the following Michaelis-
Menten formulation:

K [uPA][Pg]

"n = TRy 1[Pg]

where 7, is the reaction rate associated with reaction n, [Pg] is the plasminogen species in reaction
n, Ki =0.73s71,
for Pg, Pgy and K; = 1.855~! for Pgx and Pgxy, Ky = 2.52107°M
4The reaction rate of tPA-mediated plasmin activation is determined using the following Michaelis-
Menten formulation:

K3[tPA][Pg]

'n = TKit[Pg]

where 7, is the reaction rate associated with reaction n, [Pg] is the plasminogen species in reaction
n, K; =0.11s71,
K, =19210""M
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List of Reactions in ODE model cont.

# Reaction ktorward (m3/M * s)! Ereverse(1/s)!
99 Pn + FnlIl = Pn_ Fnll 1.00E+05 5.00E-02
100 Pn 4 Fnll2 = Pn Fnll2 1.00E+05 5.00E-02
101 | Pgx I TXA = Pgxy 1.00E 108 1.10E102
102 | Pg | TXA = Pgy 1.00E 1 08 1.10E 1 02
103 Pgy + TXA = Pgxy 1.00E+08 6.00E+04
104 Pgx + Fnll2 = ng_FnII2 1.00E+05 2.20E+00
105 Pnx + Fnll2 = Pnx FnlIl2 1.00E+05 5.00E-02
106 Pgxy — Pnxz (uPA)5

107 Pn + TXA = Pnz 1.00E+08 4.50E4-03
108 Pnx + TXA = Pnxz 1.00E+08 4.50E4-03
109 Pnz + TXA = Pnxz 1.00E+08 6.00E+04

110 | Pgy — Pn + TXA (uPA)?
111 | Pgx — Pnx (tPA)?

112 | Pnx FnII2 — Pnx + 2FDP 3.13E-01°
113 | Pnx + AP — Pn_AP 7.50E+04
114 | Pnz + AP — Pn_AP 7.50E+04
115 Pnxz + AP — Pn_AP 7.50E+04
116 | Pn_Fnll2 + AP — Pn_AP + Fnll2 7.50E+04
117 | Pnx Fnll2 + AP — Pn AP {Fnll2 7.50E+04

118 | Pg Fnll2 — Pn FnlI2 (uPA)?
119 | Pgx Fnll2 — Pnx_FnllI2 (uPA)3

120 | uPA | PCI — NULL 2.00E+03
121 Pn + APnc — Pn AP 7.50E-+04
122 Pnx + APnc — Pn_AP 1.88E+03
123 Pnx Fnll2 + APnc — Pn_AP 1.88E-+03
124 Pn + A2M — Pn_A2M 1.11E+05
125 Pnx + A2M — Pn_A2M 1.11E+4+05
126 Pnz + A2M — Pn_A2M 1.11E+05
127 Pnxz + A2M — Pn_A2M 1.11E+05
128 Pn + A1AT — Pn_AlAT 4.00E+02
129 Pnx + A1AT — Pn_AlAT 4.00E+02
130 Pnz + A1AT — Pn_AlAT 4.00E+02
131 Pnxz + A1AT — Pn_AlAT 4.00E+02

Reactions and rate constants for reactions 1-71 come from[24]. Reactions and rate constants
for reactions 72-82 come from analysis on Ref.[T1] done by Ref.[11]. Reaction 83 and the cor-
responding rate constant come from Ref.[T2]. Reactions and reaction rates for reactions 84-85,
95-96, 99-100, 104-105 come from Ref.[59]. Reaction 86 and the corresponding rate constant
come from Ref.[74]. Reactions and reaction rates for reactions 87, 88, 112 come from Ref.|73].
Reaction 89 and the corresponding rate constant come from Ref.[76]. Reactions and reaction
rates for reactions 91, 93, 106, 110, 118-119 come from Ref.[56]. Reactions and reaction rates

for reactions 92, 94, 101-103, 107-109 come from Ref.[77]. Reaction 97, 98, 111 and the cor-
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responding kinetic constants come from Ref.[25]. Reactions and reaction rates for reactions
112-117, 121-123 come from Ref.|78]. Reaction 120 and the corresponding rate constant come

from Ref.[62]. Reactions and reaction rates for reactions 124-131 come from Ref.[64]. ][ [[]

!'Default units unless specified.

2Units of s71.

3The reaction rate of uPA-mediated plasmin activation is determined using the following Michaelis-
Menten formulation:

Ki[uPA][Pg]

"n = TRy 1[Pg]

where 7, is the reaction rate associated with reaction n, [Pg] is the plasminogen species in reaction
n, Ki =0.73s71,
for Pg, Pgy and K; = 1.85s5~! for Pgx and Pgxy, Ky = 2.52107°M
4The reaction rate of tPA-mediated plasmin activation is determined using the following Michaelis-
Menten formulation:

K3[tPA][Pg]

"'n = TKit[Pg]

where 7, is the reaction rate associated with reaction n, [Pg] is the plasminogen species in reaction
n, K1 = 0.118717
Ky =19210""M
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Initial Values

Chapter E

Initial Values in PDE model

Species! | Type Initial Value? Reference
VII Fluid | 1.00E-05 [24]
Vila Fluid | 1.00E-07 [24]
IX Fluid | 9.00E-05 [24]
TFPI Fluid | 2.50E-06 [24]
IT Fluid | 1.40E-03 [24]
\Y% Fluid | 2.00E-05 [24]
ATII | Fluid | 3.40E-03 [24]
VIII Fluid | 7.00E-07 [24]
X Fluid | 1.60E-04 [24]
PC Fluid | 6.50E-05 [24]
Fg Fluid | 9.00E-03 [79]
Pg Fluid | 2.00E-03 [80]
AP Fluid | 1.00E-03 [80]
PAI3 Fluid | 4.00E-08/1.20E-06 | [26]
stPA3 Fluid | 1.00E-08/2.00E-09 | [26]
TF4 Surface | 5.00E-12 [24]
™ Surface | 2.50E-10 [24]
p2? Surface | 6.60e-10 [36]
P54 Surface | 9.90E-10 [36]
pst Surface | 1.49E-10 [36]
po? Surface | 8.25E-11 [36]
P9s* Surface | 8.25E-11 [36]
P10% Surface | 8.91E-10 [36]
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Initial Values in PDE model cont.

1

Species® | Type Initial Value? Reference

ctPA® | Surface | 7.00E-11/3.5E-11 | [27]

artPA® | Surface | 2.97E-11/1.49E-11 | [27]

ictPA® | Surface | 0/7.50E-11 [27]

LT unlisted, initial value is zero
2Units are mol/m? for fluid species and mol/m? for surface species
3The first value corresponds to the low PAI-1 phenotype, the second value corresponds to the high
PAI-1 phenotype as given in
ref [26], the difference on fibrinolysis at an injury site were not significant so only results from the
low PAI-1 phenotype were used in
the paper.
4The initial concentrations of these species are as listed at the injury site and 0 everywhere else on
the bottom surface. Binding sites
per platelet numbers were used from ref [36], final concentrations assumed an activated platelet
concentration of 330 fmol /m?
5The first value corresponds to the initial concentration at the injury site without intra-cellular tPA
release and the concentration in
the rest of the channel. The second value corresponds to the initial concentration at the injury site
when intra-cellular tPA release is
turned on.
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Species1 Initial Value? Reference
VII 1.00B-08 [24]
TF 5.00E-12 [24]
Vila 1.00B-10 [24]
X 1.60E-07 [24]
X 9.00E-08 [24]
II 1.60E-06 [24]
VIII 7.00E-10 [24]
Vv 2.00E-08 [24]
TFPI 2.50E-09 [24]
ATIII 3.40E-06 [24]
™ 1.00E-09 [24]
PC 6.50E-08 [24]
FG 9.00E-06 [[79]
AP 6.50E-07 [80]
stPA varies [26]
PAT 5.00E-11 [26]
Pg 2.00E-06 [80O]
uPA 0, 5e-9

TXA varies

PCI 9.00E-08 [63]
APnc 3.50E-07 [78]
A2M 0, 3.4e-6 [B1]
A1AT 0, 3.5e-5 [81]

'If unlisted, initial value is zero

2Units are in M
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