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Thrombosis commonly develops in the left atrial appendage of patients with atrial fibrillation. The formation of blood
clots in atrial appendage is a complex process, which depends on the shape of the appendage, the velocity of blood
flow, the concentrations of red blood cells, platelets, and coagulation, among other factors. In this work, we present
a new methodology to identify the key factors contributing to clot formation in the left atrial appendage during atrial
fibrillation. The new methodology combines computed tomography imaging, computational fluid dynamics, mesh
processing, and multiphase thrombosis modeling. We begin by running simulations to investigate flow patterns inside
the left atrial appendages with realistic geometries. Our simulations suggest that at the entrance of the left atrial
appendage the flow forms vortices, which can intrude inside the appendage depending on the phases of the cardiac
cycle. Next, we introduce blood coagulation and consider different scenarios corresponding to physiological values of
blood flow velocity, geometry of the left atrial appendage, and hematocrit values. Numerical results suggest that the
chances of clot formation are higher in the “cactus” geometry than in the “chicken-wing” one, in agreement with the
literature. Furthermore, they suggest that slower flow circulation facilitates the development of a clot in the depth of
the left atrial appendage. Slower blood movement also favors the procoagulant activity of platelets, while faster flow
circulation enhances the procoagulant effect from erythrocytes. Finally, our simulations show that increased hematocrit

upregulates the generation of fibrin polymer, regardless of flow velocity.

Keywords: mixture theory, computer-aided decision system, atrial fibrillation, blood coagulation

I. INTRODUCTION

About 50% of ischemic strokes have cardioembolic
origin'2. Atrial fibrillation (AF) is one of the most frequent
causes of thrombosis and stroke, and in the case of nonva-
Ivular AF more than 90% of thrombi are localized in the left
atrium appendage (LAA)?. The LAA is a muscular sac con-
nected by a lumen (orifice) to the left atrium through the os-
tium and is part of the normal anatomy of the human heart.
Its anatomy and biomechanical properties make it suitable
to function as a decompression chamber during left ventric-
ular systole when left atrial pressure is high®. The onset of
LAA thrombosis can be identified in clinical practice by a
spontaneous echo contrast observed during transoesophageal
echocardiography, and it is usually related to a decrease of in-
flow and outflow velocities at the orifice of the appendage®.
Therefore, depressed LAA biomechanical function (contrac-
tility), which is typical for AF, may result in thrombus forma-
tion. The size and mobility of such thrombi are considered to
be the main determinants of thromboembolic risk®.

Great risks in patients with atrial fibrillation are related
to the formation of floating intracardiac thrombi, which may
interfere with cardiovascular functions in many ways, lead-
ing to thromboembolism, transient ischemic attack®, fatal or
disabling stroke’. A lot of attention and effort is devoted

to this problem nowadays, as modern methods of predic-
tion and treatment of thrombosis are constantly evolving:
from conventional diagnostics®® to patient-specific predic-
tive computational fluid dynamics (CFD) modeling for risk
estimation'%~'3 and deep-learning approaches'#; from preven-
tive anticoagulant'>!¢ to a resolute choice between surgery'”
and implantable devices”!8-20 bearing the consequent risk
of device-related thrombosis?! and a need for anti-platelet
therapy?>?3. Another study identified a correlation between
the higher incidence rate of LAA occlusion and low hypo-
attenuation thickening during the use of devices®*. Under-
standing of biophysical mechanisms underlying LAA throm-
bosis is an important step in predicting the dynamics of the ad-
verse cardiovascular events caused by blood clotting, which,
in turn, is crucial for determining the therapy strategy.

In Ref.2%, the LAA thrombi are classified as membranous
M-thrombi and polypoid-shape P-thrombi. M-thrombi are
observed in the majority of AF patients. They are flat and
they are formed by a fibrin layer covered later by endothe-
lial cells, they do not contain platelets or RBC. M-thrombi
are fragile and can rupture due to hydrodynamic (or other)
forces. P-thrombi appear in the sites of rupture of M-thrombi.
P-thrombi contain red blood cells, platelets and fibrin, they
resemble red thrombi in blood vessels. Thrombi can form ei-
ther in the tip or near the orifice of LAA depending on the
pathology or their combination (AF, mitral stenosis). The
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correlation between LAA morphology and thromboembolism
risks are underlined by prior clinical studies?®?’, thus eliciting
important roles of hemodynamics?$2?, blood rheology!'® and
spontaneous aggregation of blood cells**3*. The biophysical
reasons for some of the involved phenomena are still being
debated®-3+,

Blood clots may appear due to multiple factors includ-
ing endothelial dysfunctions, blood stasis, inflammation, in-
creased concentrations of coagulation factors in the blood,
etc.’®. The exact mechanistic picture of thrombogenesis in
LAA is still unclear.

Two principal components of hemostasis and thrombosis
are the blood platelets that aggregate in response to biochem-
ical signaling or hydrodynamic forces, and the blood plasma
clotting (coagulation), i.e., polymerization of the fibrin pro-
tein as a result of a cascade of enzymatic reactions>*?. These
branches are apparently coupled and support each other pro-
viding positive and negative feedback loops**#2. It also
seems that fluid mechanics plays a leading role in the regu-
lation of thrombus size and growth rate in blood vessels of
various geometries>¢*34¢, However, the hydrodynamic con-
ditions may drastically vary through the circulatory system,
resulting in distinctive dynamics of thrombus growth and the
composition of clots formed in arteries> 84749 arterioles and
microvasculature’’ from those in veins>®>!, aneurysms and
re-circulation zones >3,

Platelet adhesion and activation from binding to collagen,
damaged or inflamed endothelium, or from soluble biochemi-
cal agonists is one of the main processes of initial arterial and
microvascular hemostasis, where the shear stress in fluid is
relatively high37-3847-49-54 " Several recent studies also men-
tion the manifold role of red blood cells (RBC) in triggering
and supporting thrombosis and hemostasis: from mechanical
and rheological effects>~> to biochemical response, aggrega-
tion and involvement into cellular signaling®-%3, The coagu-
lation of plasma may be triggered apart from platelet aggrega-
tion through either the extrinsic or the intrinsic pathway>%%*,
however, it is inhibited by fluid motion and manifests in stag-
nant areas** or inside the aggregates®’.

The concept of Virchow’s triad proposes that thrombosis is
the result of abnormal blood flows, vascular endothelial in-
jury, or alterations in the presence of coagulation factors in
plasma. The first and the second points are particularly rele-
vant for relatively slow flows inside the LAA even in patients
without coagulation disorders. While damaged or inflamed
endothelium is considered to be the most evident trigger of
the LAA thrombosis®>, the hemodynamic conditions itself
may provoke vascular inflammation or damage®’-%8. At the
same time, the phenomenon of spontaneous echo contrast in
LAA*, which is strongly associated with the onset of throm-
bosis, thromboembolism, and adverse cerebrovascular events,
may indicate that the blood cells accumulated in the slow flow
regions activate their adhesive and signaling functions and
aggregate thus influencing the permeability of the atrial ap-
pendage to the blood flow and promoting the clotting*3!.

By summarizing and uniting known mechanisms of
hemostasis into one computational framework, we proposed
a general model of LAA thrombosis that includes hemostatic

reactions and fluid dynamics. Hence, it integrates all mechani-
cal peculiarities, rheology, and blood cell interactions, inflam-
mation of endothelium of the LAA walls, platelet adhesion,
and activation, and the cascade of plasma coagulation®>%-71,
The present study is focused on a patient-specific approach
to biomedical engineering, therefore, special procedures are
proposed to unify all the stages of simulations. The multi-
scale nature of the problem is challenging and thus requires
intelligent approaches’?.

Several accurate computational fluid dynamics (CFD) sim-
ulations are found in literature!>7>-7> proposing different
ways to account for the realistic patient-specific geometry of
the atrium and the appendage. Recent studies relate throm-
bosis risks to hemodynamics and blood rheology inside the
LAA, underlining a protective role of active myocardium con-
tractions that normally occur in sinus rhythm and are absent
in AF case!%7476_ Some unconventional approaches employ
deep-learning and Al techniques for an acceleration of throm-
bosis risk estimation based on LAA geometry'4. However,
these works mostly inspect the streamlines, fluid velocity, and
wall shear stress, predicting the endothelial cell damage or
activation, yet thrombus dynamics in usually excluded from
the analysis. Recently a 2D model of a thrombus growing in
LAA has been considered in Ref.!! by using Navier-Stokes
equations for the blood flow and three equations for the con-
centration of blood factor (thrombin, fibrinogen, fibrin). The
computational domain corresponded to the left atrium with
periodically oscillating boundaries and different geometries of
LAA. The initiation of blood coagulation occurs at the LAA
wall in one of three chosen areas near the orifice, in the mid-
dle, and in the tip. In agreement with clinical observations, nu-
merical simulations show that the risk of clot growth is lower
for LAA with chicken-wing morphology and higher for broc-
coli. The risk of clot formation increases in the case of atrial
fibrillation modeled as decreased wall motion. The transport
and aggregation of cellular and molecular species in biofluids
is an important problem studied by CFD”7-7°,

In the present study, we focus on two particular LAA ge-
ometries (“chicken wing” and “cactus”) that are frequently
found in patients with AF. We model blood flow in a fully
patient-specific left atrium using COMSOL® for a heart pul-
sation cycle. We then use this data to validate the multiphase
model describing thrombus growth in the left atrial appendage
over longer time scales. The multiphase model is imple-
mented using the OpenFOAM library®! and uses an idealized
geometry for the left atrium, except for the patient-specific
shape of the left atrial appendage. Our goal is to compare the
thrombus growth dynamics for these cases and thus inspect a
possible correlation between the LAA geometry and risks of
thrombotic events. The continuum description of the hemo-
static response system (partial differential equations) provides
high scalability and versatility of our model. We overcome the
limitations of prior studies by including the validated model of
plasma coagulation*$283 and complement it with previously
validated CFD methods 28485 for explicit accounting of the
interplay between intracardial hemodynamics and thromboge-
nesis.

The manuscript is organized as follows. In the Model and
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Methods section, we provide the mathematical description
and present the assumptions underlying the equations. We
also describe the techniques that allowed linking the patient-
specific clinical data on geometry and hemodynamics, domain
decomposition, CFD, and the mathematical model of throm-
bus growth. Next, in the Results section we present the simu-
lation data obtained with the presented model. In the Discus-
sion section, we analyze the results of the present work and
outline future directions of studies and ways of improvement
of existing CFD approaches for modeling LAA thrombosis.
Then, we present the Conclusion section.

1. METHODS
A. General concept of the approach

Let us describe the numerical setup, Fig.1. It consists of
two stages. In the first stage, we solve numerically the Navier-
Stokes equations for the blood (one phase model) in the real-
life patient-specific geometry obtained from the computed to-
mography images (CT) of the left atrium (LA) including the
left atrial appendage (LAA). The geometry of the domain
is obtained via imaging and cleaning procedures using the
SOLIDWORKS software®®. The meshing procedure provides
a fine mesh. Patient-specific flow velocity at the pulmonary
veins was measured and used for validation purposes. Mea-
surements were made for 16 seconds, corresponding to 20 car-
diac cycles of 0.8 seconds. As flow velocity during the first 6
seconds was not yet established, then only the results for the
last 10 seconds were considered. In this study we consider av-
erage blood velocity shown on Fig. 1 and prescribe it on each
of four pulmonary veins. Similar boundary conditions for ve-
locity were then implemented on all four pulmonary veins.
The high-accuracy computations give the velocity field of the
blood in LA.

Then, the model of the thrombogenesis is solved in a do-
main with simplified idealized geometry of the LA but with
the original geometry of LAA. Idealized left atrium geome-
tries were previously used to analyze the factors contributing
to the development of thrombosis in the LAA using sensitivity
analysis®”. To construct this domain, we extract the patient-
specific LAA geometry and simplify it using MeshLab®§,
Then, we incorporate this part into an idealized geometry of
the LA that we constructed using the CAD software Salome-
Meca®®. This approach allows us to accelerate the computa-
tions of the thrombogenesis in LAA, reducing the mesh in the
main part of the LA. The boundary conditions of the inflow to
LAA are validated by the values of velocity computed by the
Navier-Stokes model in three points of the LAA. Two types
of LAA morphology are considered: the “chicken wing” and
the “cactus”, Fig.2. The idealized left atrium has a length of 8
cm and an internal radius of 3.5 cm. It has four inlets of 1.25
cm diameter and one outlet of 3 cm diameter. The location of
the LAA is chosen to mimic its position in the patient-specific
LA. The Meshlab utility was used to simplify the inlet bound-
ary region of the LAA to allow it to be merged with the ideal-
ized LA. The SnappyHexMesh utility was used to generate the

mesh under the OpenFOAM library®®. The generated meshes
consist of 13,937 and 14,601 hexahedra for the chicken wing
and the cactus cases, respectively. All simulations were car-
ried out in 3D. The CPU time for simulations with the multi-
phase model is approximately 10-12 minutes for 200 seconds
of the physical time on a i6 laptop with 16 GB of ram.

B. Patient-specific LAA morphology and blood flow

The objective of this work is to study the dynamics of clot
growth in different LAA patient-specific geometries and co-
agulation settings. Therefore, we consider an idealized ge-
ometry for all the left atrium, except the LAA which is taken
from the computed tomography images of real patients. The
obtained geometry has four inlets, corresponding to the four
pulmonary veins, and one outlet representing the mitral valve
(Figure 2). The locations of the LAA inlet is considered to
be the same in the two settings. Each LAA has thrombogenic
surfaces where tissue factor is produced and coagulation can
be initiated. The location and size of these thrombogenic sur-
faces is chosen to mimic clinical observations®'.

To study clot growth in realistic hemodynamic conditions
that correspond to atrial fibrillation (AF), we correlate inlet
flow to measured electrocardiogram doppler measurement of
an AF patient. Next, we use the CFD package COMSOL?®?,
to simulate flow dynamics inside the left atrium of a patient
during a period of ten seconds. We use the obtained results
to calibrate the inlet of the multiphase model, such that the
simulated flow intensity in three points approximate the one
observed in the CFD simulations. To achieve this, we have
gradually increased the flow intensity at the LA inlet until the
simulated flow velocity at the LAA entrance matches the one
estimated using the CFD package. The objective is not to have
accurate reproduction of the flow dynamics, but to make sure
that the flow intensity approximates the one computed in the
patient-specific geometry. The obtained results shown in Fig.
3 suggest a relatively good agreement in terms of flow mag-
nitude and peak timings between the multi-phase model that
used the idealized left atrium geometry and the CFD model
that considers the patient-specific morphology.

In the paper we consider two scenarios of the thrombus for-
mation corresponding to different velocity magnitudes at the
entrance of the LAA. This approach is motivated by an un-
certainty of the experimental data on the velocity: the mea-
surement is provided in the zone where the velocity changes
drastically. Numerical computations show that by moving the
point of measurement from "a bit inside" the LAA to “a bit
outside” LAA the velocity increases several times. In Fig. 4
we sketch a “cut line” through the left atrium passing from
the dorsal part of the LAA to the opposite wall of the left
atrium. Along this line we obtain the following values for the
euclidean norm of the velocity in m/s at = 1.9 s. The figure
shows how drastically changes the velocity near the entrance
to the LAA. That is why the experimental data are very sensi-
tive to the point of measurement which is not always exactly
placed in the experiment. Also, the velocity direction at the
entrance of the LAA plays an important role. In particular, in
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FIG. 1. A flowchart representing the general concept of the proposed patient-specific approach.
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FIG. 2. Geometry of the two domains where clot growth is simulated,
corresponding to an idealized left atrium with a chicken wing (left)
and cactus (right) LAA morphologies. An idealized geometry for
the left atrium is considered for all patients. It consists of four pul-
monary veins representing the inlet and a mitral valve corresponding
to the outlet. The left atrial appendage is taken from patient-specific
images. Yellow surfaces correspond to thrombogenic surfaces where
clot growth is initiated.

Ref.” the dominating tangential direction of the velocity with
respect to the plane of the entrance to the LAA is pointed out
in the case of the fibrillation. In this case the normal compo-
nent may be very small. Further, it was shown that the geom-
etry of the LAA influences the magnitude and patterns of flow
observed inside the LAA®2,

C. Computational model for thrombosis

We introduce a continuum model to describe the sponta-
neous formation of blood clots in stagnant and low-flow re-
gions. The proposed approach conceptually includes three
main parts: fluid dynamics, interaction and activation of blood

(A) Location of probe points (B) Point 1
035
030 ¢
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- point 3. 010 At
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FIG. 3. A comparison between the magnitude of flow velocity at
three points inside the left atrium appendage simulated from simula-
tions using the multi-phase model (dark pink) and the CFD for the
patient-specific geometry (blue). The inlet flow velocity in the multi-
phase model was calibrated such that the intensity of flow inside the
LAA mimics the one simulated using the CFD model.

cells, and plasma coagulation, as summarized in Fig. 5. The
blood is represented by a two-phase fluid, which motion is de-
scribed by a multi-component model. The model captures the
dynamics of platelet deposition, activation and aggregation,
as well as their interactions with RBCs, by using a continu-
ous approach. Here also we consider a previously developed
model of the coagulation cascade*>? which consists of the
following concentration fields: prothrombin P, thrombin 7',
antithrombin A, fibrinogen F,, fibrin F, fibrin polymer F,.
Thrombin - the main activator of fibrin polymerization - is
produced from prothrombin due to a sequence of biochemical
processes. The detailed mathematical formulation of the com-
putational model for thrombosis in stagnation and flow recir-
culation zones can be found in Ref.>? together with validation
results. Appendix A summarizes all the cellular, chemical and
physical variables involved in the model.
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FIG. 4. (A) The “cut line" across the atrium considered to evaluate
flow velocity. (B) The calculated euclidean norm of the flow velocity
along the “cut line".
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FIG. 5. A schematic representation of the thrombus formation pro-
cess implemented in the present model. The left atrial appendage is
an extension originating from the main volume of the left atrium: the
inner volume filled with blood is depicted here with the cyan color,
and the non-fluid tissue (myocardium) is colored in sienna. Our mul-
tiphase thrombosis model considers several pathways of plasma co-
agulation and accounts for a two-stage aggregation and activation of
blood platelets. The role of RBCs in promoting platelet aggregation
and thrombosis is versatile: it includes rheology and mechanics, as
well as biochemical signaling.

1. Hemodynamics and blood rheology in the model

We apply a previously developed and validated multicom-
ponent model for hemodynamics’>°°. Fluid equations are
solved using OpenFOAM 6.08! with the Pressure Implicit
with Splitting of Operators (PISO) method”>. The approach of
the model consists in employing the mixture theory to depict
blood flow as a two-phase fluid, representing blood plasma
and red blood cells separately:

av
Pp <T:+(VP'V)VP) =V-Tpy+pbp+fi =1, (1)

Ps <%‘: + (s V)Vs> =V-T,+pb,—f;—f. (2)
Here, T, and T denote Cauchy stress tensors for plasma and
RBCs, while b, and by are body forces; f; describes a body
force for interaction between the phasessﬁ, and fg and fj, ac-
count for flow deceleration upon encountering a clot. The
two-way coupling between plasma and RBCs is symmetri-
cally integrated into the right-hand sides of Eqgs.(1) and (2).
Plasma is modelled as a Newtonian fluid, while RBCs fol-
low a non-Newtonian rheology.The velocity is computed as
v=(1—-9)v,+ ¢v,, with ¢ determined by hematocrit, re-
flecting the RBC fraction. We also define the local shear rate
in the fluid (mixture) ¥ as follows:

7= (2TrD?)'/2, 3

where D = %[Vv +(Vv)7] is the strain rate tensor of the fluid,
and “Tr” corresponds to the trace of a tensor. Mass conserva-
tion equations are given for each phase as follows:

Py Ips

ey —0 =

o TV eov) =0

Here p,, and p; represents the density of the plasma and RBC

phases, respectively. They depend on the pure (constant) den-

sities of the plasma and RBCs phases and the RBC volume
fraction as follows:

V- (V) =0, (4

ps:P.v0¢¢ pp:pp0(1_¢)‘ (5)

The evolution of the RBC volume fraction can be tracked us-
ing the following equation:

9¢

— +V-(vg¢) =0, 6

ot (vs9) (6)
derived from RBC density equations and p; = ps0¢. We pro-
ceed to establish mass conservation for the entire fluid. We
deduce the equation for volume fraction (1 — ¢) using the
plasma phase density equation and p, = (1 —¢)pp0. After
simplification with positive constant o, we arrive at:

a(1-9¢)

SV w1 9)) = 0. )
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We sum the equations (6) and (7), and we take 9+ (1—¢) =1,
which gives us:

V.v=0, ®)

where v = ¢vs+ (1 — ¢)vp, is the velocity of the whole fluid.
Overall, we numerically solve the Equations (1), (2), (6), and
(8) to determine the changes in RBCs velocity (vs), plasma
velocity (vp), RBC volume fraction ¢, and fluid pressure p.

Tensors and interaction forces for each phase are adopted
from a prior study®®. This study assumes the plasma to exhibit
Newtonian rheology, leading to the following expression for
its stress tensor:

T, =[-p(1=9)+Ay(1 = ¢) TrD, |1+ 21, (1 - 9)D,, (9)
where p is the pressure of the flow, lp and p, are

first and second coefficient of plasma viscosity, D, =
L[(Vvp) + (Vv,)T], “Tr” represents the trace of a tensor, I
is the identity tensor.

For the RBCs phase, non-linear fluid rheology is assumed
and the stress tensor is given by:

Ts = [7P¢ +ﬁ20(¢ + ¢2)T1‘D_g} I+I~LS(¢; %)‘po (10)

and we adopt a Cross-Power Law model for the rheology of
RBCs:

1
14+ mys

mits(@, %) = Hoo(9) + [Ho(9) — Hea ()] (1n

% = (2TrD?)'/2. (12)

Here, the effect of hematocrit on the viscosity of RBCs is cap-
tured using the following correlations®®:

Uo(9) = 537.002¢% +55.0060> —0.129¢,  (13)

eo(0) =27.8730% —21.218¢% + 14.4399.  (14)

The interaction forces (f;) between two components of the
mixture (plasma and RBCs) describe the Stokes drag and the
phenomenological expression for the near-wall shear-induced

lift force on®°:

f; = 3%¢[exp<2‘68¢) +0%%)(vs =)

3-6.46- (pyt,)'/?
i (Ppip) o(

e 21rD;) 14D (v = v)),

where a = 8 um is the diameter of a red blood cell.

Flow deceleration within the clot is considered as well.
To capture the clot’s impact on hemodynamics, we model
the thrombus as a porous medium. The hydraulic resistance
hinges on active platelet and fibrin polymer concentrations.
Viscous friction in blood crossing the clot is mathematically
represented by force terms fZ and f}, expressed as:

f="Lv, f=""v, (15)

where (1, and p are the plasma and RBCs phases viscosities,
verifying = (1 — @), + ¢ g is the blood viscosity and

1 16 _
R Fp3/2

Peonar+ (P! +PZ>> (16)
-2 D> (Dl D2\ )
Kf ap

=3
1+ 56F,
( p ) (PL',ma.r - (P(] +PLZ>

s _ .7 B . 94
where F, = min( g, 7567 )» according to Ref.”*. Boundary con-

ditions for the velocities of the RBC and plasma phases, fluid
pressure as well as the volume fraction of RBCs are given in
Table 1.

Field Inlet Outlet Walls
vs | Dirichlet (equal to inlet velocity) Zero-flux No-slip
vp |Dirichlet (equal to inlet velocity) Zero-flux No-slip
P Zero-flux Dirichlet (p = 0) | Zero-flux
¢ Dirichlet (¢ =0.5) Zero-flux Zero-flux

TABLE I. The boundary conditions used for the different fields con-
sidered in the hemodynamics model.

2. Modeling platelet aggregation and activation

In this model, platelets fall into three categories: a) mo-
bile platelets (Pr) suspended in the fluid, moving with the
flow; b) aggregated platelets (P!) with active GPIIb/IIIa recep-
tors, lending mechanical stability via fibrinogen-dependent
binding®®; c¢) highly activated platelets (P?) expressing P-
selectin®®, capable of activating aggregated platelets through
granule secretion, ADP, and soluble agonists. While aggre-
gated (P!) and strongly activated (P?) platelets correspond to
the “shell” and “core" of observed microvascular thrombi’’,
we avoid this notation due to potential differences in platelet
localization in stagnation and recirculation zones. The equa-
tion for mobile platelets in the flow (Py) reads:

9+ V- (D E0NV(1 +4(0))5]
=V [(Ds+Co7)(1+4(9)) VPf]
ks(P! +P2)
1+ K F,

k]Pf

=P koRP
v KE,

Pr—kyTP;. (17)
Here, the third and fourth terms in the left-hand side of this
equation describe the diffusion of platelets in areas where
the density of RBCs is low®®. Dj, = 1.5810~3m?2s~! is the
platelet diffusion coefficient and & = 6.010~4m~2 is a con-
stant, g(¢) is a polynomial function given by:

q(9) =0.260 + 10.69> + 537¢°. (18)
The equation’s right-hand side comprises:

 The first term denotes aggregation of mobile platelets
via GPIb-VWF binding and subsequent GPIIb/Ila
activation through established mechano-transduction
pathways7, At low shear rates (< 1000 s~ 1),
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fibrinogen-mediated bonds between low-affinity
GPIIb/IIIa receptors can lead to platelet aggregation,
independent of GPIb-VWF®. The product iz
represents the reduction in platelet aggregation to the
coverage of aggregated platelets by a fibrin cap®®.

The second term accounts for platelet-RBC interac-
tion through FasL/FasR complex formation®, trigger-
ing GPIIb/IIIa activation and aggregation. Besides that,
RBCs can bind platelets directly via allbf3-ICAM4
molecular bonds” and activate platelets biochemically
by releasing ATP and ADP under hypoxia or acidosis®?.
Here, R represents local normalized RBC concentra-
tion. It is obtained by multiplying the RBC phase frac-
tion field (¢) by the considered hematocrit value.

The third term signifies recruitment of platelets from
flow by already aggregated (P!) and activated (P2) ones,
implying activation of resting platelets by secreted ADP
and agonists. Both aggregated and strongly activated
platelets activate resting ones at the same rate.

The last term models platelet activation by thrombin,
stimulating protease-activated receptors (PAR) on the
platelet membrane.

The initial and inlet platelet value is set to the physiological
value of Py = 300 x 10°L™", with zero-flux boundary con-
ditions at other boundaries. Next, we describe the density of
aggregated platelets (P)):

P 1 2 1 1 ki Py
Y(Ps+P. +P)V-(VP, —D,VP,) = ———
at+ (f+c+c) (Vc P () lJrKlef

ks(P!+P2)

+koRP; +
T IRKGE,

Py + ks TPy —ks7P) —keP). (19)

Here, the motility of platelets hinges on their overall con-
centration, described by ¥(P; + P! + P?) = tanh(¢(1 —

Py+P)+P? .
%))“. The term —ks7P! accounts for removal of

loosely connected platelets due to shear stress, while the final
term —kgP! signifies strong platelet activation, intensifying
their adhesion. We consider that removed platelets cannot at-
tach again to the clot. Finally, the strongly activated platelets
(Pf) are described as follows:

2
3; C = keP! — ks 7P>. (20)
The final term represents platelet detachment by flow. Here,
k7 is chosen such that k7 < ks due to stronger attachment of
highly activated platelets, resulting from increased adhesive-
ness, density, and clot contraction®”-1%, This assumption mir-
rors the biological observation that strongly activated platelets
bind more tightly to the thrombus. However, we also account
for the removal of these strongly activated platelets. Zero-
flux conditions are applied to aggregated platelets (P!) and to
strongly activated platelets (P?) on all boundaries.

3. Coagulation cascade

We apply an existing model to depict coagulation cascade
biochemistry in flow*>2. This model has been employed
to elucidate thrombosis mechanisms in conditions like an-
tithrombin deficiency®? and rheumatoid arthritis'!. Throm-
bin holds a pivotal role, converting fibrinogen to fibrin, con-
stituting the cross-linked fibrin mesh upon polymerization.
Thrombin generation from prothrombin is self-sustaining,
driven by positive feedback involving platelets and cascade
factors; antithrombin and similar factors counteract throm-
bin production. Here, we present the rationale for reducing
the coagulation cascade equation system. Let us consider the
following model describing the self-amplification of thrombin
production'%2:

ag;“] =T — hy[Val, @1
% = kT — a[V1d], 22)
% =k T — h3[X1d], 23)
a[f;f“] = k4[XId] — hy[IXa], (24)
9[Xa] a - 0
5 = (ks[IXa) + kss[VIIa)[IXa))(U° — U) — hs[Xal,

(25)

oT _ -
—— = (keU +keoU[Va])P — hT. (26)

dt

Here, k; signifies activation coefficient rates, while &; rep-
resents inhibition rates. Va and Xa create the prothrombi-
nase complex Va — Xa, and VIlla and IXa form VIIla —IXa
complex. These are integrated into (25) and (26) via terms
kss[VIIa][IXa] and keeU|[Va), assuming detailed equilibrium
for large reaction constants. Additional equations for pro-
thrombin, platelets, antithrombin, fibrinogen, fibrin, and fibrin
polymer can be considered, but they do not impact thrombin
production amplification. This allows independent study of
the presented system. Detailed equilibrium assumption allows
expressing coagulation factor concentrations as follows:

i & TR
[Va] = " T, [VIa)= o T, [XIa)= n T, [[Xa]= Tshs T,
27
ksky ks | ksska
Xa| = —=T (> 2
[ ll] hahy <h5 hahs ) @9
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Substituting these concentrations with their expression in (25)
and (26), we obtain:

op

- = — (KT 4+ KoT? + K19T>)P, (29)
T > 3
5 = (KT + KoT? + K1oT>)P — hT, (30)
where
_ Kakakske _ kokskaksske | kikskakskes
g=——" (31)

hhahs © 0" hohshahs Tihshahs

_ kakaksKaksskes

- 32
0 T hahahahs ©2)

and hg = ky1A. The reduced model gives a good approxima-
tion of the rate of clot growth described by the system (21) -
(26)]03A

Subsequently, incorporating the procoagulant platelet types
(P! and P?), we establish equations for the spatiotemporal
evolution of prothrombin, thrombin, and antithrombin con-
centrations in a simplified manner. The prothrombin equation
is as follows:

JP
5TV (vP—DVP) =

— [kp(P} 4+ P?) + KsT + KoT? + K1oT? P, (33)

where the first term in the right-hand side of this equation rep-
resents the conversion of prothrombin by PS present on the
surface of activated platelets, and the three other terms de-
scribe the kinetics of the amplification phase of the coagula-
tion cascade. The concentration of thrombin is described by
the following equation:

T
5 TV 0T =DVT) =

[kp(PL+P2)+ KsT + KoT? + K \oT?| P— K1 AT, (34)

where the last term in the right-hand side of this equation de-
scribes the inhibition of thrombin by antithrombin. Prothrom-
bin gets converted into thrombin as it gets close to inflammed
tissues, due to the expression of tissue factor on these surfaces,
which activates factors IX and X leading to the conversion of
prothrombin into thrombin. We consider the following bound-
ary conditions for prothrombin and thrombin on inflammed
walls:
oP K\P oT K\P

on~ DU+BP) on DO+pP)

The concentration of antithrombin is governed by the follow-
ing equation:

JdA

ar +V.(vA—D,VA) = —KAT. (36)

The remaining equations capture the kinetics of fibrinogen Fg,
fibrin F', and fibrin polymer F), concentrations:

JF,
Terv-(v@foVFg) = —Ki3F,T, (37
oF
§+V~(VF—DJ'VF) =K13FgT—K14F, (38)
JF,
at‘ = K4F. (39)

The list of all variables described is provided in our previous
work>2. Parameter values for the multiphase blood flow model
were adopted from a prior study>>°°, while those for coagula-
tion cascade kinetics and fibrin clot formation were derived
from another source®. It is a model for venous thrombo-
sis that validated based on coagulation initiation microfluidics
experiments'%*, calibrated for thrombin generation dynamics
in mice. Platelet subtype interactions with red blood cells
were fine-tuned using experimental data for thrombus growth
in a backward step geometry>>195, Appendix B summarizes
the results obtained during the experimental validation of the
model. Active protein (thrombin, 7'; fibrin, F) and fibrin poly-
mer (F),) species are governed by zero-flux boundaries. Ini-
tial and inlet zymogen (P, A, F,) concentrations match blood
physiology, and zero-flux boundaries apply to walls and the
outlet. At the outlet, a zero-flux boundary condition is en-
forced for all species. Simulation codes are available from the
corresponding author (A.B.) upon request.

D. Numerical and computational implementation of the
coagulation model

The coagulation model solver was implemented under the
OpenFoam library3!. The choice of the numerical schemes
and the mesh was made to ensure the stability and accuracy
of lower diffusity and convection-dominated flows. In partic-
ular, we have employed second-order, unbounded, and con-
servative schemes for the diffusion terms, along with upwind
schemes for the convection terms. These schemes are in-built
in the OpenFoam library and are known for enhancing sim-
ulation stability by introducing artificial diffusion to adjust
the Peclet number when necessary. The under-relaxation fea-
ture in the OpenFoam library was used to further stabilize the
schemes and mitigate oscillations caused by smaller diffusion
coefficients'%. This under-relaxation technique, helps reduce
oscillations and prevents the solution from blowing up. We
specifically applied a relaxation factor of 0.3 across all equa-
tions.

The mesh was prepared to ensure the robustness and accu-
racy of the computation. The initial mesh consists of 14,601
hexahedra, with the region around the LAA being refined us-
ing the SnappyHexMesh utility®® (Fig. 6, A). To test the accu-
racy of our computation, we conducted a robustness analysis
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by comparing the results generated by the model when a nor-
mal mesh and a finer mesh are used (Fig. 6, B). The finer mesh
consists of 66,891 hexahedral cells, which is 3.58 times denser
than the standard mesh used. It was generated by increasing
the resolution level in SnappyHexMesh utility. In the corre-
sponding simulations, we computed the total concentration of
fibrin mesh generated. Fig. 6, C shows the total amount of
the generated fibrin polymer over time in simulations where
the two meshes are employed. The relative error with respect
to the used mesh at + = 200 s is 9.31%. The mesh consis-
tency analysis for the chicken wing LAA case is provided in
Appendix C. Table IT summarizes the number of cells and the
error obtained in each case.

(A)

(8)

(A) used mest (8) fine mesn

FIG. 6. (A) A snapshot of the computational mesh showing the re-
fined areas which corresponds to the left atrium appendage and its
surroundings. (B) The two numerical meshes used in the robustness
analysis. (C) The total amount of the generated fibrin polymer over
time in the simulations where the standard and finer mesh are used.

chicken wing| cactus
Number of cells in the used mesh 13,937 14,601
Number of cells in the refined mesh 24,636 66.891
Error att = 200s 1.84% 9.31%

TABLE II. A summary of the results of the mesh consistency study
for both the chicken wing and cactus LA geometries.

1ll. RESULTS
A. Flow patterns in LAA during atrial fibrillation

‘We begin by investigating the patterns of flow velocity in-
side the LAA during a cardiac cycle in a patient with atrial fib-
rillation. We analyze the patterns of flow velocity streamlines
at different moments of a pulsation cycle. Chicken wing LAA
is characterized by a simple shape, smooth walls, a bending
angle, and has an inlet diameter of 3.2 c¢m. Flow enters the
LAA and leaves it depending on the phases of the pulsation
cycle. As a result, it generates a vortex at the center of the
LAA during the transition from the systolic to the diastolic

phase (Fig. 7, A). Noteworthy is that the flow pattern near the
LAA orifice in the modeled case of AF (when the walls are im-
mobile) is different from the healthy cardiac cycle (when the
LAA walls are contracting during the systole)”. Instead of
the normal inflow/outflow streaming through the whole inte-
rior of the LAA, we observe the rotational motion of the fluid
at the ostium with dominating tangential direction of the ve-
locity field near the LAA entrance. This provides stasis con-
ditions inside the LAA and favors thrombosis according to
Virchow’s triad. Strong and chaotic flow can also be observed
at the entrance of the LAA. This generated vortex covers most
of the LAA surface, except the tip. Indeed, the flow velocity
is significantly lower at the tip of the chicken wing LAA as
shown in the results presented in Appendix D, which provides
favorable conditions for clotting initiation.

t=0.2s t=02s

t=04s t=04s

FIG. 7. Streamlines patterns showing flow dynamics inside the
chicken wing (left) and cactus (right) LAA at different stages of the
cardiac cycle. These simulations are conducted using the coagula-
tion model and for validation purposes through comparison with the
CFD model.

Next, we study clot development inside the LAA with a
cactus shape. The cactus LAA is more irregular and complex
and also has a larger inlet than its chicken wing counterpart
(diameter of 3.34 ¢cm). Flow dynamics are qualitatively simi-
lar to the chicken wing case. However, the relative vortex lo-
cation is slightly closer to the entrance than the one observed
in the chicken wing. Furthermore, flow circulation covers the
entire surfaces of the LAA (Fig. 7, B). In order to study the
effect of hydrodynamics on thrombus formation we further



AIP
é Publishing

consider two different cases corresponding to a reduced and
an increased flow velocity, respectively.

B. Case I: reduced flow velocity

We consider a different inlet flow velocity such as the ve-
locity magnitude at the entrance of the LAA is pulsating and
reduced by approximately 10%, compared to the normal case.
In these conditions, we evaluate the impact of the LAA shape
on potential fibrin generation and clot formation. As by de-
fault conditions, we also assume that red blood cells occupy
the whole LAA space at the beginning of our simulations and
that the hematocrit value is equal to 0.3.

a. Effect of the LAA shape The shape of LAA influences
clot formation in multiple ways. First, the influx of blood cells
and zymogens involved in the coagulation process depends on
the size of the LAA neck. Second, the internal flow patterns
and wall shear stress vary according to the geometry of the
LAA. In this context, the low wall shear stress and the access
to procoagulant proteins and cells represent favorable condi-
tions for the initiation of the coagulation process. This pro-
cess starts when the tissue factor (TF) expressed on damaged
walls is exposed to factors IX and X for a sufficiently long
time. This is because an initial amount of thrombin needs to
be generated for the amplification phase to start. The activa-
tion of these two proteins by the TF-FVIIa complex triggers
the coagulation cascade, which culminates in the activation of
prothrombin into thrombin. The latter does not only convert
fibrinogen into fibrin, but also activates the platelets. Once
activated, platelets promote coagulation in two ways. First,
they accelerate the coagulation process by expressing proco-
agulant factors on their surface. Second, they form a porous
medium that decelerates flow velocity and provides favorable
conditions for fibrin polymerization.

Our simulations reproduce the dynamics of clot formation
in both the chicken wing and cactus LAAs. In the chicken
wing case, coagulation begins early in the simulation at the
extremity of the tip (Fig. 8). This region is characterized by
reduced wall shear stress. This suggests that the risk of clot
formation at the tip is higher than near the entrance of the
chicken wing LAA. A few seconds later, we start observing
fibrin polymer in the neighborhood of the LAA entrance. By
this time, the formed clot at the tip has already reached its fi-
nal expansion. Our simulations suggest that the formation of
the clot at the entrance of the LAA takes approximately 40
seconds after the moment of clot development at the tip. In-
deed, clot formation starts around ¢ = 80 s and continues until
the end of the simulation. Note that the kinetics of the coag-
ulation model were accelerated to reduce the computational
time. Hence, the time points given here are the for the pur-
pose of comparison and may not correspond to the actual time
scales of LAA thrombosis. However, the extent to which the
observed clot at the entrance propagates is also significantly
higher. This is because the clot at the entrance is exposed to
a continuous stream of inactive platelets and coagulation pro-
teins, which sustains thrombin production.

The observed dynamics of clot formation in the cactus LAA

t=0s t=40s

t=80s t=120s

FIG. 8. Stages of clot formation in the chicken wing geometry. The
red isovolumes correspond to portion of the computational domain
where the fibrin polymer concentration exceeds 1000 nM.

are different than in the chicken wing one (Fig. 9). First,
the generation of fibrin polymer is not observed until around
t = 80 s, suggesting that coagulation starts later than in the
chicken wing case. At this time, while fibrin polymer is first
generated in the vicinity of the LAA, it can also be slightly
observed at the entrance of the LAA. These findings suggest
that coagulation starts at the entrance and on the inner side
of the LAA approximately at the same time. Another differ-
ence between the chicken wing and the cactus cases is that the
development of the clot at the interior takes a longer time to
complete in the cactus LAA. This is probably because the ir-
regular and non-smooth edges of the cactus LAA contributes
to the reduction of the wall shear stress, which promotes co-
agulation initiation. Further, the amount of generated fibrin
polymer inside the LAA is significantly higher in the cactus
case.

b.  Effect of the initial blood composition in the LAA and
the hematocrit on the risk of clot formation ~We took advan-
tage of the fidelity of our modeling framework to elucidate
the effects of the initial composition of the LAA on the risk
of clot formation. We consider two scenarios corresponding
to the situations where the LAA is initially occupied by either
platelets or erythrocytes, and we calculate the total amount of
generated fibrin polymer by the end of each simulation (Fig.
10, A). This is motivated by the uncertainty regarding the ini-
tial composition of LAA. In both scenarios, we observe that
the formation of fibrin polymer in cactus is greater than in
chicken wing LAAs. Further, coagulation is significantly en-
hanced when the LAA is initially filled with platelets. In other
words, only platelets occupy the interior part of the LAA at
the beginning of the simulations. In this context, our simula-
tions suggest that platelets significantly increase fibrin poly-
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FIG. 9. Stages of clot formation in the cactus case. Red isovolumes
represent the areas where the fibrin polymer concentration exceeds
1000 nM.

mer production by 2.55- and 2.85-folds for the chicken wing
and cactus morphologies, respectively

We continue our study by exploring the effect of the
hematocrit on fibrin polymer production inside the LAA.
Red blood cells influence coagulation directly, by activating
resting platelets, and indirectly, through the margination of
platelets and the upregulation of flow viscosity. We consider
the case where a chicken wing LAA is initially filled with
erythrocytes and simulate clot formation when three physi-
ologically relevant values of the hematocrit are considered:
0.2, 0.3, and 0.5 (Fig. 10, B). Our simulations suggest that
the hematocrit significantly influences the total amount of the
generated fibrin polymer. Further, the hematocrit value corre-
lates positively with the activity of coagulation. These find-
ings suggest that high hematocrit could be an important risk
factor for thrombogenesis in LAAs during atrial fibrillation.
However, the effect of the hematocrit is less important in the
case of thrombosis in cactus LAA as presented in Appendix
E.

C. Case ll: increased flow velocity

After studying the dynamics of clot formation in the case
of reduced flow velocity, we consider the situation where flow
circulation is increased. As we did previously, we begin by
comparing the evolution of clot formation in chicken and cac-
tus LAAs. Then, we study the effect of the initial cellular
composition and the hematocrit level on fibrin polymer gen-
eration. To allow coagulation initiation, we increase the ex-
pression of tissue factor on damaged areas by 10 times. This
is because higher flow velocity prevents coagulation initiation
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e . 3
1lel6 Cumulative fibrin polymer in nM.um

5
4
3
2
1 . I IJ
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FIG. 10. The total amount of generated fibrin polymer by the end
of the simulation for different LAA shapes and initial compositions
(A), and for varying hematocrit values when the chicken wing case
is considered (B).

Generated fibrin polymerin nM,um3

if the same concentration of TF is maintained. Further, we
consider that LAA is initially composed of erythrocytes and
that the hematocrit level is 0.3, as the default conditions in our
simulations.

a. Effect of the LAA shape Increased flow velocity has
different effects on the coagulation process in the LAA. On
one hand, it prevents the inactive coagulation proteins and
cells from staying for a sufficient duration in proximity to the
damaged tissues. Hence, it reduces the chances of clot ini-
tiation. Further, it removes active coagulation proteins and
platelets and limits the generation of thrombin. On the other
hand, increased flow circulation upregulates the influx of in-
active coagulation proteins and cells into the LAA. Increased
flow velocity also promotes the margination of platelets by red
blood cells.

We provide numerical simulations where we compare the
development of the clot in LAAs with chicken wing and cac-
tus shapes (Fig. 11). In the case of chicken wing, fibrin poly-
mer generation becomes noticeable after around 150 s of the
simulation start. However, contrary to the situation where the
flow velocity is decreased, coagulation starts at both the tip
and the entrance approximately at the same time. Further, the
development of the clot at the entrance occurs faster when
flow velocity increases. This is probably because the faster
flow transports more platelets and procoagulant factors to this
area. The same dynamics of clot growth can be observed in
the cactus LAA. However, the produced fibrin polymer be-
comes noticeable significantly earlier at both the inner side
and the entrance of the LAA domain. It reaches a steady state
after approximately 120 s of the simulation start. These dy-
namics suggest that increased flow velocity promotes the de-
velopment of simultaneous clot formation in different regions
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of the LAA.
A) Chicken wing LAA B) Cactus LAA
t=0s t=0s
t=100s t=100s
t=200s t=200s
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FIG. 11. Stages of clot growth inside a chicken wing and cactus
LAAs in the case of increased flow velocity. Red isovolumes corre-
spond to regions where fibrin polymer concentration exceeds 1000
nM.

b.  Contribution of the initial composition of the LAA and
the hematocrit We took advantage of the multiphase ap-
proach to study the contribution of platelets and erythrocytes
to thrombogenesis in LAA. We begin by investigating the im-
pact of the cell composition inside the LAA at the beginning
of the coagulation process. We consider two different ini-
tial conditions corresponding to the cases where platelets or
RBCs occupy the LAA. Then, we compute the amount of fib-
rin polymer generated by the end of the simulation. Contrary
to the case where the blood flow velocity is low, fibrin poly-
mer generation increases when the LAA is initially filled with
red blood cells.

We evaluate the effect of the hematocrit on the develop-
ment of the clot in the LAA. We consider the situation where
achicken wing LAA is initially filled with red blood cells, and
consider three physiological hematocrit levels: low (10%),
normal (30%), and high (50%) (Fig. 12, B). In this case, re-
ducing the hematocrit level from 30% to 10% decreases the
generated fibrin polymer by 39.57%, while increasing it from
30% to 50% upregulates the cumulative generation of fibrin
polymer by 20.68%. These findings suggest an important role
of red blood cells in the case where flow circulation is fast.

IV. DISCUSSION

Thrombosis in the left atrial appendage (LAA) is a life
threatening pathology, often associated with atrial fibrillation
(AF). The irregular and often fast heart rate in AF can cause
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FIG. 12. The cumulative amount of generated fibrin polymer when
considering different initial conditions corresponding to cases where
platelets or RBCs occupy the LAA (A) and for different hematocrit
levels (B).

insufficient blood flow in the LAA, creating a predisposition
for clot formation. AF can lead to changes in the atrial tis-
sue, further promoting thrombus formation. Stroke is the pri-
mary concern of LAA thrombus formation, as thrombi can
embolize to the cerebral arteries, leading to ischemic stroke.
Thrombi can also travel to other parts of the body, causing in-
farctions in organs like the kidneys or intestines. Treatment
includes anticoagulation therapy with warfarin or direct oral
anticoagulants, restoring normal heart rhythm electrically or
pharmacologically, catheter ablation or LAA occlusion.

A. LAA thrombosis modelling

The importance of mathematical modeling of thrombosis
in the LAA is multifaceted, encompassing enhanced under-
standing of underlying mechanisms, improved risk prediction
and patient-specific care, optimization of therapeutic inter-
ventions, advancement of research, and better healthcare re-
source management. These models serve as powerful tools
in the quest to mitigate the risks and consequences of throm-
boembolic events, ultimately contributing to better patient
outcomes and more efficient healthcare delivery.

The complexity of LAA thrombosis modelling arises from
the need to accurately represent the intricate and patient-
specific anatomical structures, complex and highly variable
blood flow, the detailed biochemical interactions, and the in-
tegration of processes occurring at multiple scales and time
frames.
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In this study, we introduced a new framework for patient-
specific LAA thrombosis prediction, integrating data from
computed tomography, electrocardiography, and dopplerog-
raphy. This innovative approach pioneers the application of
multiphase models for coagulation, combining platelet aggre-
gation, precise biorheology, and blood plasma biochemistry in
LAA thrombosis modeling. As a result, it allowed us to inves-
tigate complex biomedical questions, such as the contribution
of hematocrit and the initial concentration of blood cells in
the LAA. The complexity of blood flow in the left atrium is
driven by its complex patient-specific anatomy, the dynamic
nature of cardiac cycles, interaction with the mitral valve, vari-
ability of pulmonary venous inflows, and patient-specific fac-
tors. Advanced computational techniques and high-resolution
modeling are essential to accurately simulate and understand
these complex flow patterns, ultimately contributing to better
diagnostic and therapeutic strategies for conditions like atrial
fibrillation and thrombus formation.

We started by studying the patterns of blood flow inside
two patient-specific left atrium geometries. To achieve this,
we used a computational fluid dynamics model and parame-
terized it to the measured flow velocities at various parts of the
left atrium in patients with atrial fibrillation (AF). Our simu-
lations suggest the development of vortices at the entrance of
LAAs, which sometimes extend to the inner part, depending
on the phases of the atrial fibrillation pulsations. Due to the
uncertainties regarding the values of flow velocity at the en-
trance of the LAA, we considered two cases corresponding to
two values of inlet flow velocities.

B. The role of LAA geometry, platelets, hematocrit

‘We took advantage of the flexibility and fidelity of our mul-
tiphase model to identify the main factors contributing to the
formation of thrombosis inside LAAs. We run several nu-
merical simulations corresponding to various scenarios which
reflect physiological situations with different shapes of the
LAA, initial cell compositions, and hematocrit levels.

Across all scenarios, the generation of fibrin polymer is sig-
nificantly increased in the cactus LAAs. This is probably due
to a combination of factors including the larger inlet radius
and the complex shape of cactus LAAs relative to chicken
wing ones. Further, our simulations suggest that reduced flow
velocity promotes the development of the clot inside the LAA,
while faster flow circulation results in the initiation of coag-
ulation at the both inside and the entrance of the LAA. Ac-
cording to clinical reports, “the larger LAA orifice and non-
chicken wing shape LAA are independent factors of decreased
mechanical function of LAA”!%7, hence these conditions can
be characterized by increased ricks of thrombosis. Another
recent study reports that “large LAA orifice area (...) and slow
internal velocity (...) were found to be significant risk factors
of stroke”!%8, Our simulations are qualitatively coherent with
these observations.

Another difference in the observed dynamics concerns the
contribution of platelets and red blood cells. Our findings
show that the initial prevalence of platelets inside the LAA
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upregulates the generation of fibrin polymer when flow ve-
locity is low. However, it is the prevalence of erythrocytes
that promotes coagulation when flow circulation is faster. This
is probably because high flow velocity prevents the platelets
from aggregating near the injured areas. Finally, our model
suggests that increased hematocrit levels can significantly pro-
mote the generation of fibrin polymer. It was previously
shown that increased hematocrit is a risk factor for venous
thrombosis'®>1%?, A previous modeling study has suggested
the importance of considering hematocrit-dependent rheol-
ogy to properly simulate blood stasis in LAA''0. Indeed,
It was shown that considering non-Newtonian flow rheology
changes the size of vortices and stagnation areas inside the
LAA!!. Another study underscored the importance of LAA
shape in the process of clot formation'!2.

C. Limitations and further perspectives

Overall, our study provides some key qualitative insights
into the complex process of thrombosis inside LAA. These in-
sights can help us to improve our understanding of this process
and identify therapeutic targets which can lead to the develop-
ment of new treatments. It is important to note that our study
has several limitations. First, the velocity at the entrance of the
LAA was modeled by a computational fluid dynamics (CFD)
code assuming patient-specific geometries, however, the clot
growth modeling was implemented under the assumption of
idealized geometry. The differences in the geometries of the
left atrium portion used in the CFD simulations and the one
considered in the clotting simulation can lead to small dis-
crepancies in the simulated flow velocity field. Further, we
restricted this study to rigid geometries because taking into
account the tissue deformation would make the simulations
computationally prohibitive and requires extensive validation
using fluid-structure interaction benchmarks.

The immobile LAA walls are characteristic of atrial fibril-
lation that we aim to simulate, as opposed to the normal sinus
rhythm. This fact changes the flow pattern at the LAA orifice,
as shown in Ref.”>. In that sense, the solid-wall assumption
for the LAA model no longer seems to be a limitation, but
rather a physiological condition. Of course, there is some wall
elasticity that we miss in the present model, and in fact, dur-
ing AF there are small wall oscillations (which create some
additional blood motion near the endocardium), but these de-
formations are negligible compared to the active contraction.
As for the atrium walls, indeed, the solid-wall assumption re-
duces the computational costs. Instead, we use the simplified
geometry for the atrium and tune the boundary conditions to
mimic the fluid dynamics in the vicinity of the LAA neck.
Besides, since there is no exact data on the displacement of
the atrial wall in time, it is logical to omit the unnecessary
complication. However, the combination of the FSI with the
multiphase thrombosis modeling seems achievable in near fu-
ture. Taking into consideration of the wall motion may po-
tentially increase the clot formation time because of arising
near-wall fluid velocity that may disrupt the fibrin polymer-
ization. Nonetheless, the presented results provide a compar-
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ative numerical analysis of the clot formation process in LAA
for two patient-specific geometries and for the two scenarios
regarding the fluid velocity magnitude at the entrance of the
LAA.

Another point of further modification of the proposed
model could be the implementation of a shear-induced mech-
anism for platelet aggregation, which is attributed to confor-
mational changes in von Willebrand factor (VWF) protein
caused by hydrodynamic forces''3-113, This effect is relevant
at high shear rates in the blood (> 5000 s~")!''®, and in the
considered case of stagnant low-shear LAA flows typical for
AF™ such shear-triggered platelet aggregation should be in-
hibited (at least for the healthy VWF). Noteworthy, several
clinical studies indicate that VWF expression by the atrial en-
docardium may be a prognostic factor for thrombotic events
and AF outcomes!!”-120, yet current findings are controversial
and require additional investigation. Additionally, our cur-
rent model implementation assumes that the clot displays the
same hydraulic resistance against both the plasma and RBCs
phases. In in vivo conditions, erythrocytes cannot penetrate
the clot due to the small size of its pores.

It also should be mentioned that we are not considering mo-
bile thrombi in the present paper. In this model, we investi-
gate the initiation of thrombosis by the expression of TF on
LAA wall patches. Hence, we focus on the mural thrombi,
described in medical literature?!1?!, Those are related and
usually triggered by wall damage or inflammation in the endo-
cardial endothelium. Such mural thrombi may indeed become
mobile due to adverse hemodynamic conditions and the re-
sulting high forces exerted on them. This could be modeled
with the proposed framework in principle, but it escapes from
the scope of the present study.

V. CONCLUSION

In the present work, we developed a novel multi-scale and
multi-physics approach to the patient-specific numerical anal-
ysis of thrombosis dynamics in the LAA during atrial fib-
rillation. We combined various techniques of computerized
X-ray tomography imaging, digitization, and computational
fluid dynamics with a validated multiphase continuum throm-
bosis model that accounts for the time-dependent blood flows,
the non-Newtonian rheology, the biochemical cascade of clot-
ting reactions, the two-stage platelet aggregation and activa-
tion together with the multifaceted role of erythrocytes. Re-
cently, there have been an interest in developing such methods
for LAA diagnosis and treatment. Further, some of the pro-
posed methods include 3D printing, in addition to CT-scans
and CFD!'22-124 while others have considered Al-enabled
computational simulations to facilitate the decision-making of
surgeons performing LAA closure!?S. Our study shows the
advantage of using a multiphase model of coagulation which
encompasses the main features influencing clot formation in
LAAs, including the rheological, cellular, and molecular as-
pects. Our simulations suggest that LAA thrombosis is sensi-
tive to hematocrit, geometry and orifice size. Hopefully, the
findings of the present paper could help in the identification of
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novel anti-thrombotic therapies and in early diagnostics of ad-
verse cardiovascular events in patients with atrial fibrillation.

APPENDIX A: LIST OF MODEL SPECIES

A summary of of the variables used in the present work is
provided in Table III.

Variable Description Units
Py concentration of platelets in flow x107° L
PCl concentration of aggregated platelets x1079 L
P? | concentration of strongly activated platelets x107° L
U concentration of activated factor X nM
P concentration of prothrombin nM
T concentration of thrombin nM
A concentration of antithrombin nM
Fy concentration of fibrinogen nM
F concentration of fibrin nM
Fp concentration of polymerized fibrin nM
v two-phase fluid velocity m/s
Vp blood plasma velocity m/s
Vs velocity of RBC phase m/s
4 fluid pressure Pa
¢ RBC-phase fraction non-dimensional

TABLE III. A summary of all variables used in the model.

APPENDIX B: EXPERIMENTAL VALIDATION OF THE
MULTIPHASE MODEL

In this section, we briefly recall the validation the model
against experiments reported in Refs.!?%12’, where MRI
tracked thrombus shape evolution over 90 minutes. The blood
samples had a hematocrit of around 30%. The thrombus
reached its maximal expansion in about 30 minutes'?’. The
final clot shape and size in our simulations matched experi-
mental observations, but clot growth was accelerated to opti-
mize computational time.
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FIG. 13. The final stage of clot formation in backward-facing step ge-
ometry with conditions replicating those of experiments'2®. (A) The
velocity magnitude profile, (B) The fibrin polymer concentration, (C)
The active platelets density, and (D) the RBC phase fraction.



AlIP
Publishing

A

‘We examined clot growth in a recirculation area created in
a backward-facing step (BFS) domain®>'2°, The BFS domain
was placed in a fluid loop with a peristaltic pump driving the
blood flow. The BFS had a 10 mm diameter, and the step
height was 2.5 mm. The inlet flow rate was adjusted to achieve
an inlet velocity of 0.2 m/s. We used a 2D geometry for the
BFS model and generated a numerical mesh with 4258 hex-
ahedral cells. Fig. 13 shows the obtained steady-state field
value for the flow velocity, the fibrin polymer, the activated
platelets, and the RBC phase. Similarily to the experiments,
the model showed a strong dependency of thrombus length
on hematocrit>2. It predicts that at steady state, the thrombus
will have a length of 10 mm and a height of 2.27 mm. In the
experiments'?®, the thrombus had a length and height of 9.7
mm and 2.3 mm, respectively. RBCs appear to push platelets
into the corner, limiting thrombus growth. We defined throm-
bus regions by fibrin polymer concentrations higher than 350
nM. To reduce computational costs, we tuned parameters so
the thrombus reaches its stable size in about 250 seconds.

APPENDIX C: CONSISTENCY ANALYSIS FOR THE
CHICKEN WING MESH

In this section, we present the results of the mesh consis-
tency evaluation for the chicken wing LAA case. We refined
the mesh using the SnappyHexMesh utility and repeated the
simulation to calculate fibrin polymer production over time.
The original mesh contains 13,937 hexahedral cells, while the
refined mesh consists of 24,636 cells. Fig. 14 displays both
meshes and the corresponding simulation results.
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FIG. 14. Two screenshots showing the used mesh in the simulations
(A) and the refined mesh considered in the consistency analysis (B).
The simulation results obtained using each of the two meshes are
displayed (C).

APPENDIX D: FLOW VELOCITY MAGNITUDE INSIDE
THE LAA

The magnitude of flow velocity in the chicken wing and
cactus LAAs is provided in Fig. 15.
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FIG. 15. The magnitude of flow velocity across a section of the
chicken wing (left) and cactus (right) LAAs during different moment
of a pulsation cycle.

APPENDIX E: A COMPARISON BETWEEN THE EFFECT
OF THE HEMATOCRIT IN CHICKEN WING AND CACTUS
GEOMETRIES

In this section, we evaluate the effect of hematocrit on fibrin
polymer production. Fig. 16 shows the concentration of fibrin
polymer generated in chicken wing and cactus geometries for
different hematocrit values in the reduced flow case.
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