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ARTICLE INFO ABSTRACT

Keywords: Introduction: Thrombin inhibitor and anti-Xa are now widely used in clinical practice. However, the difference
Platelet between thrombin inhibitor and anti-Xa in prevention of thrombosis is still to be elucidated.

Thrombosis Materials and methods: Computer simulator implementing the function of platelet, coagulation, fibrinolysis and
Computer simulation blood flow was developed. The function of thrombin is defined as to activated platelet at the rate of 0.01 s~ ! and
;F(grombm to produce fibrin at the rate of 0.1 s~ ! in control. The effect of thrombin inhibitor was settled to reduce the rate
Blood flow of platelet activation and fibrin generation changed from 10 to 100% as compared to the control. The local

thrombin generation rate on activated platelet was settled as 1.0s™ " as a control. The effect of anti-Xa was

settled to reduce to thrombin generation rate on activated platelet from 10% to 100% as compared to the
control. The sizes of thrombi formed at site of endothelial injury in the presence and absence of thrombin
inhibitor and anti-Xa were compared.

Results and conclusions: The size of thrombi formed by 30-s perfusion of blood at site of endothelial injury
reduced both in the presence of thrombin inhibitor and anti-Xa. There was significant positive relationship
between thrombin inhibitor effect and the size of formed thrombi with R value of 0.96. (p < 0.0001) However,
the sizes of thrombi were not influence by anti-Xa until it decreased 30% or less as compared to control. There
was no significant relationship between anti-Xa effect and the size of formed thrombi. (R = 0.39, p = 0.09) Our
results suggest the different dose-dependent effects of thrombin inhibitor and anti-Xa on thrombus formation at
least in specific conditions. Computer simulation may help to predict quantitative antithrombotic effects of
various antithrombotic agents.

1. Introduction

Biological experiments revealed that platelet adhere at site of en-
dothelial damage under arterial blood flow condition [1]. Further ex-
periments revealed the crucial role of platelet glycoprotein (GP) Iba
binding with von Willebrand factor (VWF)/fibronectin [2,3] [4], col-
lagen interaction with collagen receptors [5,6], activation of platelet
[7,8], and so on for platelet adhesion and thrombus formation. Once
platelet cells are activation, coagulation cascade start activated locally

on cell membranes [9] on platelet and released microparticles [10-13].
Platelet derived activation of coagulant cascade is recognized as the
important contributor for in situ thrombosis [14,15].

To date, thrombosis is one of the most important health related is-
sues in the world [16-18]. Various novel antithrombotic agents were
developed to reduce the risk of thrombosis on the globe. Several of
them targeted platelet [19-23], while the others were developed as
anticoagulants. Of them, orally available direct thrombin inhibitor and
anti-Xa are widely used for prevention stroke in atrial fibrillation (AF)
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and treatment/prevention of venous thrombosis [24-29]. Moreover,
various clinical trials suggest preventive effects on arterial thrombosis
by addition of low dose of anti-Xa to antiplatelet [30-34], despite sig-
nificant increase in the risk of serious bleeding [32,33]. So far, there are
no clinical trial suggesting the preventive effects of orally available
thrombin inhibitor in addition antiplatelet, suggesting the difference
between thrombin inhibitor and anti-Xa. Quantitative difference be-
tween thrombin inhibitor and anti-Xa is hard to be proven in human
study despite some suggest dose-dependent antithrombotic effects of
thrombin inhibitor [35]. Prediction model to specify the difference
between anti-Xa and thrombin inhibitor may provide helpful informa-
tion to generate hypothesis.

Previously developed computer simulator for thrombus formation at
site of endothelial damage was implemented the function of blood flow,
endothelial injury, platelet adhesion/activation, local activation of
coagulation on activated platelet, and fibrinolysis [32]. We aim to
produce hypothesis that the potential quantitative difference between
thrombin inhibitor anti-Xa for the growth of thrombi could be predicted
with the use of simulation technology.

2. Methods
2.1. Simulation model of thrombus formation

Computer simulation model was developed according to Fogelson
[371, with minor modification implementing the function of platelet
adhesion and activation, coagulation cascade, fibrinolysis and blood
flow was developed and published elsewhere [36]. Briefly, our nu-
merical simulation model implemented platelet adhesion and activation
on the site of virtual endothelial injury under blood flow conditions
(Fig. 1) [36,38]. Relevant mathematical equations and calculation
parameters were available at previous publications [36,37].

Our model was expanded to include parameters regarding blood
flow, platelet adhesion, platelet activation, local activation of coagu-
lation cascade, and fibrinolysis. Summary of our model is shown as
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Fig. 2. The biological concept of Fig. 2 is supported by pathological
examination of human coronary thrombi [39], results from quantitative
biological experiments using flow chamber [35], and recent progress in
the understanding of cell-based coagulation [14,15]. In our computer
simulation, calculation area was settled as 400 um in length and 100 pm
as height. Virtual platelet in our system was settled not to interact with
endothelial cells. Blood flow inlet is settled left and outlet is settled in
right. At the middle part of lower side of vessel, virtual endothelial
injury representing the function of von Willebrand factor (VWF) and
collagen is settled [36,38]. Flowing platelet cells were adhered with
collagen/VWF, and settled to be activated gradually as a rule published
[38]. Our virtual platelet cells were also settled to be activated by
thrombin. Our model follows established model by Fogelson. All ne-
cessary numerical equations and parameters were published elsewhere
[36-38].

As shown in Fig. 2, activated platelet (AP) was settled to have a
potential to convert prothrombin (PT) to thrombin (T). Thrombin is
modeled to convert fibrinogen to fibrin. Thrombin also has a potential
to convert non-activated platelets (NP) to activated ones (AP). In the
previous publication [32], the function of antithrombin III (AT) was
settled to convert thrombin to prothrombin (PT). Biologically, AT is not
an enzyme to convert thrombin to PT. In this paper, this part was
corrected as to T+ AT—null, where T represent thrombin, AT re-
present antithrombin III, and null represent nothing. All the chemical
reactions were solved considering the advection effect of blood flow as
shown in previous publication [36].

Our model includes fibrinolytic system. Endothelial cells release of
tissue type plasminogen activation (t-PA) and plasminogen activator
inhibitor (PAI)-1 is implemented. The function of t-PA is modeled to
convert plasminogen to plasmin. Remaining t-PA is modeled to deac-
tivated by the function of PAI-1. The plasmin is modeled to convert
fibrin to null, but also modeled to be inactivated by a,-plasmin inhibitor
(0,-PI) to inactivated plasmin. The null means as no quantity. Local
concentrations of all relevant substances are influence by blood flow.
Thus, all equations are solved coupled with advection diffusion

Fibrinogen

N

Activated Platelet Activated Platelet

Site of Endothelial Injury

Interaction between Interaction between
fibrinogen Activated Platelet

Fig. 1. Model of platelet interaction with injured endothelium.

Endothelial Cell

Interaction between
«<— Activated Platelet and
Injured Endothelium

Platelet interaction with injured endothelium was model as shown in Fig. 1. Platelet adhered at site of endothelial injury with the interaction modeled as red arrow.
Red arrow represents biological function of von Willebrand factor (VWF) expressed at site of endothelial injury and its binding with platelet glycoprotein (GP)Iba and
GPII/IIIa. Blue arrow represents platelet-platelet interaction. The platelet-platelet interaction was modeled to be influenced also be biological interaction mediated by
fibrinogen binding with GPIIb/Illa shown as green arrow. Detailed mathematical equation for this model was published elsewhere [32]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Integrated model of blood flow, local activation of platelet, coagulation and fibrinolysis.

The size of calculation region of interests is 400 um length and 100 pm thickness of blood flow representing the biological experiments using flow chamber. Virtual
Endothelial injury representing the function of von Willebrand factor (VWF) and collagen were set at one side of vessel wall as previously published. [34] Flowing
non-activated platelet (NP) were adhered on VWF and activated (activated platelet: AP) by the function of VWF, collagen and thrombin. AP was bound at site of
vessel injury as modeled in Fig. 1. Initial concentration of NP and AP inflow were 3.0 X 10°/mm® and 0 x 10°/mm?>, respectively. Activated platelet derived
procoagulant activity was model as the function of AP to convert prothrombin to thrombin. Thrombin was implemented the function to convert fibrinogen to fibrin
and activated platelet as a soluble factor. Biological function of antithrombin III (AT) is to neutralize the function of thrombin. Generated fibrin works to stabilize
platelet adhesion and cohesion as shown in Fig. 1. All coagulation reaction was model to occur under the advent effect of blood flow.

As shown at the upper part of panel, both tissue type plasminogen activator (t-PA) and plasminogen activator inhibitor (PAI)-1 were continuously released from
endothelial cells. The t-PA was settled to convert plasminogen to plasmin. The plasmin dissolve fibrin to disappear. The plasmin immediately inactivated by alpha,
plasmin inhibitor (a,-PI). Fibrinolytic reaction also occurs under advent effect of blood flow.

equation as shown in previous publication [36].

Biological validity of our simulation model was quantitatively
confirmed with animal experiments using cremasteric arterial thrombus
formation in mice [1].

2.2. Parameters and numerical calculations

The calculation field is settled as 400 um in length and 100 um as
height. The concentration of inactive platelets (NP) and activated ones
(AP) at the inlet was settled as 3.0 x 10°/mm°®, and 0.0 x 10°/mm?,
respectively. The initial concentration of NP on each voxel with in
calculation region is also settled as 3.0 x 10°/mm?, except for already
touched with collagen/VWF because our platelet cells were settled to be
activated by interaction with collagen/VWF. The Initial concentration
of prothrombin and fibrinogen were settled as 1.4 uM and 7.0 puM, re-
spectively. Initial values for all relevant parameters were published
elsewhere [32]. Calculation was started at a blood flow velocity 1.0 cm/
s.

The function of thrombin is defined as both to activated platelet at
the rate of 0.01s~ ' and to produce fibrin at the rate of 0.1s™! in
control. The local thrombin generation rate on activated platelet was
settled as 1.0s™ ! as a control. Fibrinolysis was implemented in this
model but the rate of fibrinolysis was fixed as 0.1 s~ in this study even
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though the detailed equations were described in the supplemental file.

Time dependent change in concentrations of all parameters shown
in Fig. 2 in each voxel (25 x 25 pmz) under blood flow condition was
calculated in every 0.01 s. The Xeon Phi™ 7210 with 64 cores in 4 nodes
(Xeon Phi™ 7210 (64 core), HP-systems, Tokyo, Japan) was used for
calculation. The 13-inchi MacBook Pro (2.5 GH, Intel Core i7) is used to
show the calculated results as figure and movies.

2.3. Definition of thrombi

In our system, both coagulation and platelet activation occur si-
multaneously. Thus, “thrombi” in this system is defined as voxels
containing 1.0 x 10°/mm? of activated platelet. The sizes of thrombi at
the end of 30 s perfusion of blood were used as the representative sizes
at each experimental condition.

2.4. Intervention by parameter changes

To mimic the effects of thrombin inhibitor, thrombin function was
reduced 10% by 10% from the control (100%). Both the function of
thrombin to convert fibrin and activate platelet was inhibited. For re-
presenting the over activity of thrombin, calculation was conducted in
condition of thrombin function from 100 to 200. To mimic the effect of
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anti-Xa, thrombin generation rate on activated platelet were reduced to
10% by 10% from the control. Over function of Xa was represented as
thrombin production rate of platelet increased from control (100%) to
200%.

2.5. Statistics

The function of thrombin and the rate of thrombin generation at
each calculation condition was expressed as % as compared that control
condition to be 100%. Size of thrombi in each calculation condition is
expressed as the area of thrombi as mm? because our simulator is 2-
dimensional. Regression analysis was performed between the % value
of thrombin function/thrombin generation rate and the area of thrombi
formed after 30s of virtual blood perfusion. The relationship between
% value of thrombin function/thrombin generation rate and size of
thrombi were defined significant when the p-value of regression ana-
lysis is below 0.05.

3. Results
3.1. Time dependent increase in the size of thrombi under control condition

As shown in Fig. 3 and Supplemental movie 1, thrombus growth
starts immediately after initiation of blood perfusion on the area of
virtual endothelial injury. Thrombus grow in the direction of blood
stream. The volume of thrombi time-dependently increased within 5s
after start blood perfusion, then, the size become stable until 30s.

3.2. Effect of thrombin inhibitor and anti-Xa

Fig. 4 show the thrombi formed after 30 s of virtual blood perfusion
on virtual endothelial injury in various conditions of the thrombin
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function and the thrombin generation rate. Apparent positive re-
lationship could be seen with the extent of the inhibition of thrombin
function and the size of thrombi. On the other hand, the size of thrombi
apparently be smaller only when thrombin generation rate become <
30%. Supplemental movies 2, 3, and 4 show the growth of thrombi in
the presence of 10, 50, and 200% of thrombin function (thrombin in-
hibitor), while the Supplemental movies 5, 6, and 7 show the growth of
thrombi in the presence of 10%, 50, 200% of thrombin generation rate
(anti-Xa).

In Fig. 5, the size of thrombi at the end of 30s blood perfusion in
various condition of thrombin and thrombin generation rates were
plotted. There is significantly positive relationship between the func-
tion of thrombin (effect of thrombin inhibitor) and the size of thrombi
with regression co-efficient (R) of 0.96 (p < 0.0001). On the other
hand, the relationship between the rate of thrombin generation re-
presenting the effects of anti-Xa and the size of thrombi was not sta-
tistically significant with R value of 0.39 and p-value of 0.09.

4. Discussion

We developed computer simulation model of thrombus formation at
site of endothelial injury implementing the function of blood flow, rate
of platelet adhesion/activation, thrombin generation and function. Our
simulation calculation suggested the different relationship between the
changes in thrombin generation rate and the function of thrombin on
the size of thrombi, formed early phase of blood perfusion under the
condition we tested. Our calculation results suggested the potential
quantitative difference between thrombin inhibition and the inhibition
of thrombin generation rate on the size of thrombi formed at site of
endothelial injury by 30 s of blood perfusion.

Our computer simulation model was validated by quantitative
growth of arterial thrombi form in cremasteric artery of mice [1,36].

4 sec 20 sec
3.0
5 sec
30 sec I
|
1 mm I 0

Fig. 3. Time-dependent change in the density of activated platelet around virtual endothelial injury.

The upper left panel show the distribution of activated platelet density before starting blood perfusion. The site of virtual endothelial injury is marked as dotted line.
Platelets interacting with endothelial injury at first 0.025 mm layer were activated initially as shown in red. After starting blood perfusion, thrombus time-depen-
dently increased to the down-stream of blood flow for initial 5s. Then, the size become stable until 30s of blood perfusion.

At the right bottom part, the reference for the density of activated platelet is shown. In place where there is 0 activated platelet in each panel was shown in blue,
while the site where the density of activated platelet is 3.0 x 10°/mm?® are shown in red. The voxel where the density of activated platelet is > 1.0 X 10°/mm? are

assumed as part of thrombi.

Supplemental movie 1 show the time dependent change in the density of activated platelet during 30 s of blood perfusion (Supplemental movie 1). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Thrombin Generation Rate

Elo

Fig. 4. Distribution of activated platelet density around endothelial injury 30 s after blood perfusion.

The distribution of activated platelet density indicated by the colour bar located at right lower part of this panel after 30 s perfusion of blood at site of endothelial
damage at various function of thrombin and thrombin generation rate are shown. The size of thrombi formed on the endothelial damage for 30 s perfusion of blood
looks small at condition with decrease thrombin function. The size of thrombi looks larger in the presence of 200% function of thrombin.

The size of thrombi did not change neither increasing or decreasing to half of thrombin generation rate. Thrombi looks smaller only at the condition of 10% thrombin

generation rate.

At the right bottom part, the reference for the density of activated platelet is shown. In place where there is 0 activated platelet in each panel was shown in blue,
while the site where the density of activated platelet is 3.0 x 10°/mm?® are shown in red.

Supplemental movies 2, 3, 4 show the time dependent change in the density of activated platelet during 30 s of blood perfusion in the presence of 10, 50, and 200%
function of thrombin. The movie 5, 6, 7 show the same for 10, 50, and 200% rate of thrombin generation. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Size of Thrombi Formed by 30 s Perfusion of Blood at Site of Endothelial
Damage in Various Condition of Thrombin Function and Thrombin Generation
Rate

Each dot and cross represent the size of platelet thrombi formed by 30s per-
fusion of blood on damage endothelium in the presence of various function and
generation rate of thrombin, respectively. Apparently, dose-dependent increase
in the size of thrombi was shown with thrombin function, while marked de-
crease in the size of thrombi could be shown only when thrombin generation
rate become 30% or less.

But, the validation was limited to reproduce the time dependent growth
and decrease in the size of thrombi formed in the mice model of cre-
mastric arterial thrombi [36]. Here our simulator reproduces the dose-
dependent decrease in the size of thrombus formed on the collagen fi-
brils by human blood containing various concentrations of thrombin
inhibitor agent of Argatroban perfusion in part [35]. Quantitative re-
lationship between the size of thrombi formed by human blood

perfusion and the function of thrombin support the robustness of our
simulator.

Unlike the calculation with various extent of thrombin function, the
size of thrombi formed after 30 s blood perfusion decreased only when
thrombin generation rate is reduced < 30% in condition where initial
values of thrombin generation and thrombin function were settled as
1.0/sec and 0.01s, respectively. In our simulator, the activation of
platelet cells was induced by 2 distinct pathways; the one assumed from
collagen receptor stimulation induced by platelet adhesion [5,6] and
the other induced by thrombin receptor stimulation with thrombin [40]
locally generated around activated platelet [41]. The positive re-
lationship between the function of thrombin and the size of thrombi
formed by blood perfusion suggest the importance of thrombin receptor
stimulation for platelet cells to stay longer at site of endothelial injury
or the platelet cells activated on the endothelial injury. Indeed, the
importance of persistent platelet stimulation from P2Y;, ADP receptor
stimulation to stabilize platelet thrombi has already been demonstrated
[42]. Our current simulator is not implemented the function of ADP
release and its stimulation on ADP receptors. We aim to include ADP
release and P2Y;, ADP receptor stimulation in the next version.

In another view, the discrepancy between the extent of functional
inhibition of thrombin and its generation rate may suggest that the
insufficiency of modeling inactivation of thrombin by antithrombin III
in our model. Indeed, previous model had obvious error in handing
thrombin inactivation that is antithrombin III convert thrombin to
prothrombin [36]. In this paper, this part of error in previous pub-
lication is corrected that thrombin function to be disappeared by in-
teraction with antithrombin III. However, the simulation calculations
were conducted only under the limited condition such as the initial
values of thrombin generation rate at 1.0/sec and the thrombin function
rate at 0.01/sec. The different dose-dependent effects of thrombin
generation and thrombin function may no longer be true in other set-
tings that are different from initial values. Further calculations with this
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model with various conditions were considered. Another strong lim-
itation in our model is that only last part of coagulation cascade could
be implemented, but not included upstream reactions. We are aiming
detailed modeling of intrinsic antithrombin activity exerted by antith-
rombin III [43] in the next version model of thrombus formation.

Both thrombin inhibitor and anti-Xa is now widely used in the
clinical practice, especially for stroke prevention in patients with atrial
fibrillation [24-27]. Despite the mechanistic difference, it is not easy to
find the difference in the efficacy and safety between thrombin in-
hibitor and anti-Xa. In our model, one may assume the reduced function
of thrombin as thrombin inhibitor and reduced thrombin generation as
the effect of anti-Xa. It has been previously shown that the appropriated
dose of thrombin inhibitor for mechanical heart valve patients is hard
to find [51]. However, none of anti-Xa agents were tested in similarly
extreme thrombogenic condition. The difference between thrombin
inhibitor and Xa inhibition has not yet shown by clinical studies. Our
simulation model is too immature to encourage testing anti-Xa under
the extreme thrombogenic conditions.

Relatively low dose of anti-Xa in combination of antiplatelet agents
reduced arterial thrombotic events including cardiovascular death, is-
chemic stroke and myocardial infarction in various clinical conditions
[31,33,34]. Even at relatively lower dose as compared to dose used in
atrial fibrillation once per day, twice per day use of anti-Xa in addition
of platelet activating inhibitor prevent thrombotic events with in-
creased risk of bleeding [31,33,34]. Further calculation with changing
parameter of platelet activation and thrombin generation together may
give us further clue to understand the mechanism of combination of
antiplatelet and anticoagulation therapy.

There are several important limitations of our simulator in regard to
predict human thrombotic events. First, our model predicted only in-
itial phase of thrombus formation up to 30s. As suggested by en-
dovascular echocardiography and autopsy data, the vast majority of
arterial thrombi at site of endothelial injury does not cause sympto-
matic ischemic events [52]. Second, the formation of thrombi only
under limited conditions around initial thrombin generation rate of
1.0/s and thrombin function rate of 0.01/sec could be calculated due to
the limitation of computer power. Third, thrombin formation was set-
tled to occur only on the surface of activated platelet adhered at site of
endothelial injury. Accordingly, the definition of thrombi in our model
is the place including high concentrations of activated platelet, but not
the place for fibrin. Fourth, experimental validations were conducted,
but only in limited condition [1,39]. There may be other general factor
to determine whether arterial thrombosis become symptomatic or not
[53]. But, these potential general factors, such as inflammatory cells,
are not included in our model. Future clarification of these factors and
detailed modeling is awaited. Our model did not solve potential blood
flow disturbance by the presence of adhered platelet and thrombi.
Further clarification of micro flow environment around adhered pla-
telet and thrombi may clarify the impact and importance of the pre-
sence of blood flow obstacle such as adhered platelet for the growth of
thrombi. We are starting with coupling platelet adhesion and blood
flow disturbance around single platelet cell [54], but not extended in
this model yet to the size we focus in this paper. We have shown the
different impact of thrombin activity and thrombin generation on the
size of platelet at blood flow rate of 1.0 cm/sec only. The impact of
thrombin and thrombin generation rate on thrombus growth may not
be the same in different blood flow condition. We are aiming to solve
this problem by calculation with various parameter setting.

Despite limitation shown above, our current paper provides new
insight in the different dose-dependent response between the inhibition
of the function of thrombin and thrombin generation rate on the
thrombus formation at site of endothelial injury at least in the limited
conditions. Further elaboration of our simulator will provide more
details about the quantitative role of various factors including thrombin
function and thrombin generation rate on thrombus growth in various
conditions.
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Supplementary data to this article can be found online at https://
doi.org/10.1016/j.thromres.2019.05.007.
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