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ABSTRACT

Thrombus formation is crucial for blood-
contacting medical devices. Current models focus on
platelet activity or coagulation factors but overlook
the interplay between these two processes, essential
for accurate thrombus prediction. In this work, a
thrombus generation model was developed, which

couples platelet activity with the coagulation cascade.

By utilizing the fibrin and thrombin, the product of
the coagulation cascade, to regulate thrombus
formation, the two processes are integrated. A
reduced-order coagulation cascade model s
employed, enabling the model to more closely align
with  human physiological processes while
improving computational efficiency. The model’s
prediction of volume exhibited an error within 20%
compared to experimental results and can effectively
capture the evolutionary patterns of thrombus
formation over time. This thrombus model is
expected to be a reliable predictive tool for thrombus
generation in blood-contacting medical devices.
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NOMENCLATURE

Ci [mol/m3]concentration of component i

Di [N] diffusion coefficient of i

Kapa [/s] rate of platelet chemical activation
Kspa [/s] rate of shear-induced activation
Kaps [/s] activation rate due to other
platelet-synthesized agonists

t [s] time

v [m/s]  absolute velocity vector of blood
VT [m/s] absolute velocity vector of
thrombus

U [Pa-s] dynamic viscosity of blood

@ [-1 thrombus volume fraction

T [Pa]  scalar shear stress

Y [/s] shear rate
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1. INTRODUCTION

Blood-contacting medical devices have gained
widespread clinical use in the management of
cardiovascular and cardiopulmonary diseases.
However, hemocompatibility-related complications,
including bleeding and thrombosis, remain critical
clinical challenges. For instance, left ventricular
assist devices (LVADSs) are an effective treatment for
end-stage heart failure-related diseases. Nevertheless,
device-induced thrombus may lead to stroke,
neurological events, or compromised mechanical
efficiency, ultimately  necessitating  device
replacement [1]. Consequently, elucidating the
mechanisms underlying thrombus formation in
blood-contacting medical devices constitutes a
critical research imperative to advance both device
design optimization and clinical implementation.

Thrombus formation is a complex phenomenon
governed by the coupled hemodynamic and
physiological mechanisms, wherein platelets and
biochemical mediators interact through cascade
reactions, ultimately driving platelet activation,
aggregation, adhesion, and stabilization. Given the
incomplete  understanding of  device-induced
thrombotic mechanisms and the inherent risks and
difficulties of conducting clinical trials in patient
populations, computational modeling of thrombus
formation has emerged as an indispensable tool for
bridging the fap between in vivo and in vitro
experimentation [2]. For example, Fogelsen [3]
pioneered simulations integrating platelet activation,
agonists transport, and platelet bulk aggregation
within continuum-model framework. The inherent
complexity of modeling thrombus formation in
blood-contacting devices - stemming from the
coupled interactions of platelets with numerous
biochemical species - necessitates a critical
compromise  between model fidelity and
computational efficiency. Fogelsen and Guy [4]
compared a microscale model of platelet aggregation
with a continuum model of platelet aggregation and
found that the continuum model took only 1% of the
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computational time of the microscale model to obtain
results similar to those of the microscale model.
Based on the Fogelsen continuum model, Sorensen
et al. [5] proposed a two-dimensional thrombus
model for blood contact with medical devices that
incorporates multiple biochemical agonists of
platelets to more accurately describe the mechanisms
of platelet activation. Goodman et al. [6] extended
previous models [3, 5] by incorporating shear stress
effects on platelet activation, enabling their model to
achieve real-time spatial prediction of thrombus
growth. Taylor et al. [7] modified the model of [3, 5]
by proposing a simple computational network
capable of doing verifiable macro-scale prediction of
thrombus at the same spatial scale as cardiovascular

devices on time scales ranging from minutes to hours.

Wu et al. [8,9] further extended the former model [5]
that accurately predicted thrombus generation under
different  flow conditions and biological
environments and was the first to predict thrombus
generation and growth in an axial blood pump, with
results consistent with clinical observations. Blum et
al. [10] developed an accelerated thrombosis model
by simplifying a previous model [7] with a time step
10,000 times larger than the time step required by the
pre-simplified model, which significantly improves
the computational efficiency. Moreover, Li et al.
[11-13] established a predictive model focusing on
platelet dysfunction induced by supraphysiological
shear stresses in blood-contacting devices. While
these models focus on platelet activity, but as
mentioned earlier, thrombus formation remains
intrinsically regulated by coagulation cascades.
Meanwhile, some studies have also started from the
coagulation cascade reaction to predict thrombus
generation and growth by modeling the Kinetic
process of the coagulation cascade [14-17]. Existing
thrombus models typically focus on a single specific
subprocess in thrombus formation, limiting their
ability to comprehensively reveal the complex
mechanisms of thrombus formation. This limitation
arises from the trade-off between computational
efficiency and the precision of capturing
physiological processes. Specifically, thrombus
models based on platelet activity often overlook the
regulatory effects of the coagulation cascade on
platelet behavior, while models based on the
coagulation cascade, due to involving numerous
reactants and complex reaction networks, result in
excessively high computational costs, making
efficient simulations challenging.

To address the limitations of previous research,
this work proposes a coupled thrombosis model that
integrates hemodynamics, platelet activity, and the
coagulation cascade. The model regulates platelet
activation, aggregation, adhesion, and stabilization
through the intermediate and terminal products of the
coagulation cascade. To improve computational
efficiency, this study utilizes a reduced-order
coagulation cascade model. Additionally, the model
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incorporates dynamic interactions between blood
flow and thrombus formation, with particular
consideration of shear stress effects in thrombus
breakdown under hemodynamic conditions. This
thrombus model was then applied to a backward-
facing step geometry and validated in space and time
against the experiments to assess the accuracy of the
predictions of model.

2. METHODS

This work develops a mathematical model of
thrombosis. The model couples the fluid governing
equations and introduces convection-diffusion-
reaction equations (CDR equations) to describe the
transport of a range of biochemicals such as platelets
and coagulation factors. Chemical activation and
shear activation are considered for platelets, and
platelet deposition is considered in terms of
biochemical concentration aspects and flow aspects.
A resistance term is added to the fluid governing
equation to represent the obstruction of blood flow
by thrombus.

2.1 Governing Equations of Blood Flow

The flow of blood was represented using a
modified Navier—Stokes equations (N-S equations):

S )
(G grions) @

where p is the density of the blood, x is the kinetic
viscosity of the blood, v is the flow rate of the blood,
and vy is the speed of the thrombus. The source term
Cof(@)(v-v1)/(1- @) is the resistance exerted by the
thrombus to the fluid, where f(¢) = ¢ (1+6.5¢); ¢ is
the thrombus volume fraction.

2.2 Biochemical Component Equations

The thrombus model contains two sub-models,
the platelet activity model and the coagulation
cascade model, which describes the process of
platelet aggregation, adhesion, deposition on the
surface of a blood-contacting device, which is
modulated by the coagulation cascade reaction, and
finally by the concentration of fibrin monomers
leading to the formation of a stable thrombus. The
platelet activity model incorporates a platelet-
released agonist, adenosine diphosphate (ADP),
three states of platelets: resting platelets (RP),
activated platelets (AP), and bound platelets (BP),
and residence time. The residence time (RT) is used
to determine the flow stagnation and recirculation
zones. The coagulation cascade model contains nine
coagulation factors and heparin. Some coagulation
factors promote thrombin production, while some
coagulation factors consume already produced
thrombin thereby slowing down the progress of the
coagulation cascade reaction. As shown in Figure 1,
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when blood contacts the foreign surface, factor XII
adsorbs to the surface, and triggers the coagulation
cascade response.
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Figure 1. Schematic diagram of thrombus
modeling mechanisms showing the role of the
coagulation cascade in regulating platelet
activity. (a) Platelet activity model. (b) Simplified
coagulation cascade reaction with fibrin as the
end product.

The transport phenomenon of biochemical
substances is represented by the CDR equation:

Blivwcp=vove)s  ©

where [Ci] denotes the concentration of component i,
D; denotes the diffusion coefficient of i, and S; is the
source term of component i. The detailed diffusion
coefficients and source terms are presented in [18].
The source term for platelet activation is defined

as (Eq. (4)):

Spp =Kapa 'RP+5.,,-RP+k, . -RP (4)

where Kapa represents the rate of platelet chemical
activation, ksa denotes the rate of shear-induced
activation, and kaps refers to the activation rate due to
other platelet-synthesized agonists.Since BP is not
transported with blood, its governing equation is:

oBP
? = SBP - ktb¢ (5)

where ki, denotes the rate for thrombus breakdown,
with a detailed definition provided in Table Al in the
appendices and [18].

RP directly attaches to the wall surface,
transforming into AP, while FXII adhesion to the
foreign surface. Both processes are governed by flux
boundary conditions [5]. ADP is released when RP
is converted to AP, and FXII adsorbed to the surface
of the device is converted to FXlla. Consequently,
the boundary conditions for both processes are also
expressed using flux boundary conditions. The
boundary condition expressions are provided in
Table A2 in the appendices.

2.3 Simulation Setup

The thrombus model is first validated in the
backward-facing step (BFS) geometry, and the
simulation results are quantitatively compared with
the experimental data of Yang et al. [19]. The detail
of the BFS geometry and mesh is shown in Figure 2.
Mesh generation uses structural meshes. A boundary
layer consists of 10 layers, and mesh refinement is
applied in the BFS region. Given that the coagulation
cascade in the model is initiated by contact activation,
the numerical algorithm incorporates wall flux
boundary conditions to implement this mechanism.
Consequently, the size of the wall mesh will
influence the accuracy of the model. To address this
issue, three sets of grids with varying degrees of
refinement were generated in the BFS region: 80%
refined mesh, baseline mesh, and 120% refined mesh,
in order to validate the accuracy of thrombus
formation predictions. Based on the experimental
setup, the inlet flow rate was set to 1.67 x 107> m?/s,
the outlet was specified with a zero-pressure
boundary condition, and all wall surfaces were
considered as foreign surfaces. Since heparin was not
used in the experiments, the initial concentration of
heparin was set to 0, and y; was adjusted to 10 s7'[20],
while other settings remained unchanged. The initial
conditions for the thrombus model are outlined in
Table 1.

Table 1. Initial conditions for some biochemical
species

species unit value

RP PLT/m?3 1.85x10™
AP PLT/m?3 1%[RP]
Xll mol/m3 9.36x108
heparin mol/m? 1x<10*
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Figure 2. backward-facing step geometry

3. RESULT and DISCUSSION

As the coagulation cascade model is activated
through the adsorption of FXII onto foreign surfaces,
triggering the intrinsic coagulation cascade, the size
of the boundary mesh is one of the key numerical
factors in the thrombus model. To validate the mesh
independence of the model, point A was selected in
the BFS region, as shown in Figure 3(a). Figure 3(b)
and Figure 3(c) present the temporal variation of
concentrations of fibrin and AP at points A. The
maximum deviations between the 80% refined,
baseline, and 120% refined meshes were all below
3%, and as time progressed, the discrepancies among
the three meshes progressively diminished and
converged, ensuring the mesh independence of the
thrombus model. Therefore, the baseline mesh,
consisting of approximately 540,000 mesh elements,
was chosen for the analysis.

Figure 4 shows the streamlines in the BFS region
before thrombus formation. A recirculation zone is
observed, with zero velocity at the corner after the
sudden expansion and at the reattachment point
downstream of the expansion, where the strain rate is
less than 10 s7'. Figure 5(a) presents a snapshot of the
thrombus formed at t=20 s in the BFS region. Figures
5(b-e) illustrate the development of the thrombus and
the corresponding velocity contours around the
thrombus. The thrombus initially forms at the corner
of the sudden expansion, with further thrombus
formation occurring at the reattachment point
downstream of the expansion. This is due to the low
flow velocity and strain rate at both the step corner
and reattachment point (Fig. 4), which promotes
thrombus formation at these locations. This
observation is consistent with the experimental and
simulation results of Goodman et al. [6] and the
simulations of Taylor et al. [7] However, this
phenomenon was not observed in the experiments of
Yang et al. [19], possibly due to the resolution
limitations of MRI. Subsequently, the thrombus
formed at the step corner propagates downstream,
while the thrombus formed at the reattachment point
propagates upstream, until the thrombi formed at
both locations merge into a single thrombus.
Additionally, both the thrombus growth and the
corresponding velocity contours indicate that the
thrombus formation alters its surrounding flow field.
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Figure 3. Mesh independence validation of the
thrombus model. (a) Points A was selected for
mesh independence validation, with coordinates
A(0, -0.004, 0). Temporal variation of (b) fibrin
and (c) AP concentrations at point A for the
three grid

(b)

Figure 4. At t=1s, (a) streamline plot with a mark
representing the reattachment point, (b) fluid
strain rate.
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Figure 5. Simulated thrombus and flow field. (a)
Simulated thrombus formed at t=20 s and
streamline plot. (b-e) Simulated thrombus
formed at t=2 5,6 5,10 5,14 s and velocity
contours at the central cross-section.

The simulation results of the thrombus model in
the BFS geometry are quantitatively compared with
the experimental results of Yang et al. in both spatial
and temporal domains, as shown in Figure 6. The
time scale represented in Figure 6 is accelerated.
Simulated results for thrombus volume, length, and
height are in good agreement with the experimental
data, demonstrating the model’s capability to predict
thrombus formation. Figure 6(a) compares the
simulated thrombus volume with the experimental
data. Thrombus formation begins at t=2 s, with the
growth rate reaching its peak between t=3 s and t=7
s, after which the thrombus formation rate gradually
slows. Figure 6(b) shows the comparison of the
simulated thrombus length with the experimental
results. Between t=2 s and t=6 s, the thrombus length
increases rapidly. From t=6 s to t=8s, the growth rate
of thrombus length significantly slows, and after t=8
s, the thrombus length hardly changes. Figure 6(c)
illustrates the change in thrombus height over time,
with the thrombus rapidly growing to nearly the
height of the step before t=6 s, after which the
thrombus height shows little further increase.
Importantly, it is observed that during thrombus
growth, the phenomenon of reattachment point drift
occurs in the flow field. The numerical simulation
framework is capable of effectively identifying this
dynamic process. Notably, the consistency between
the predicted thrombus distribution near the
reattachment point and experimental results may be
attributed to the model’s ability to preset the
reattachment point location, thereby ensuring a
stable computational flow field and aligning
simulation  predictions  with  experimental
observations.

5

Figure 7 illustrates the temporal evolution of
concentration distributions for certain biochemical
species. Figure 7(a) shows the distribution of AP
concentration. Due to the strong platelet activation
during the computational domain, the temporal
variation in AP concentration is not significant. The
concentration distribution of fibrin, as depicted in
Figure 7(b), is influenced by a recirculation region
downstream of the sudden expansion. Consequently,
fibrin first accumulate at the corner of the sudden
expansion and the reattachment point downstream,
resulting in elevated concentrations. However, as the
coagulation cascade progresses, the fibrin
concentration becomes more uniform downstream.
Notably, thrombus formation is influenced by both
physiological factors and hemodynamic conditions.
Over time, the fibrin concentration on the foreign
surface tends to become consistent, but not all
regions with high AP and fibrin concentrations
develop into thrombi (Figure 7(c)). This is because
platelet stabilization also depends on fluid shear
stress. Only in low-shear regions can APs convert to
BP, thereby forming a thrombus, as shown in Figure
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Figure 6. Quantitative comparison of the
simulated thrombus with experimental data in
both spatial and temporal domains. (a) Volume,
(b) Length, (c) Height, with data obtained from
Yang et al. [19].
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Figure 7. Concentration distribution of selected
biochemicals and simulated thrombus volume
fraction at t=5, 15 and 30s. (a) concentration

of AP. (b) concentration of fibin. (c) similated
thrombus volume fraction.
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Figure 8. Fluid strain rate at t=5, 15 and 30s.

5. SUMMARY

This study proposes a thrombus formation
model that integrates blood flow, platelet activity,
and coagulation cascade to predict thrombus
formation behavior in blood-contacting medical
devices. The model was validated in a backward-
facing step geometry, with its numerical simulation
results achieving a high degree of consistency with
experimental data. This research establishes a
foundation for future studies and applications. By
applying the proposed model to thrombus prediction
in blood-contacting medical devices, it provides a
scientific basis for optimizing device design, clinical
treatments, and prognostic evaluations.
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APPENDICES

Table Al. Parameter relate to platelets activity

model

terms

expression

description

kapa

Platelet
activation due
to chemical
agonists occurs
only when the
agonist
concentration
exceeds a
certain
threshold,
triggering  the
chemical
activation
reaction.

aop ADP

TPy

The agonist
equivalence,
Wapp and Wia ,
represent  the
specific weight
factors of ADP
and thrombin in
their role in
platelet
activation.

Ken

kob>/{)

The rate of
thrombus
breakdown[21]

Kb

200

constant
related to the
thrombus
breakdown
rate[21]

@

2 2
T+,

Switching
function related
to  kp, the
greater the
scalar shear
force acting on
the  thrombus
unit, the faster
the thrombus
breakdown.

[BP]
BR

Thrombus
volume
fraction.
BPt=1x1012PL
T/m?®

2.4x10®

The
amount of ADP
released by
each activated
platelet.

Table A2. Expressions of flux boundary
conditions

species expression description

Consumpti
on due to RP
directly
adsorbing onto
the foreign
surface

RP -SOkrpan[RP]wan

Generated due
to RP directly
adsorbing onto
the foreign
surface

AP SOkrpab[RPJwan

ADP released
by platelets
during the
conversion of
RP to AP.

ADP

2 SOkrpan[RP]wan

Consumpti
on due to FXII
directly
adsorbing onto
the foreign
surface

XII K[ XI1]

Generated
due to FXII
directly
adsorbing onto
the foreign
surface

Xlla ki[X11]
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