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A B S T R A C T

Left atrial appendage (LAA) thrombosis is a frequent and serious complication associated with atrial fibrillation 
(AF), which significantly increases the risk of ischemic events. The presence of a thrombus within the LAA can 
disrupt normal blood flow and eventually embolise, leading to impaired circulation and severe complications.

An innovative fluid-structure interaction model, based on the smoothed particle hydrodynamics method, is 
used to simulate the formation and behaviour of thrombi in a patient-specific LAA morphology under AF con
dition. The clotting process is modelled by tracking the concentrations of key components involved in the 
coagulation cascade. The approach transforms fluid particles into a solid phase by applying internal spring forces 
when specific biochemical and haemodynamic conditions occur.

The findings shed light on the haemodynamic and biochemical mechanisms driving thrombus formation and 
migration within the LAA, highlighting regions of clot growth and subsequent embolisation. Thrombus formation 
begins at the LAA tip, gradually expanding through lobes and trabeculae, and ultimately progressing internally to 
high-recirculation regions, increasing the risk of embolisation and of potential clinical complications.

By accurately predicting thrombus formation, growth and fragmentation, this study offers valuable insight into 
the mechanisms associated with the thromboembolic risk in AF. These are crucial for developing targeted 
therapeutic strategies to minimise the risk of thromboembolic events in patient with AF.

1. Introduction

Atrial fibrillation (AF) is a common cardiac arrhythmia [1] charac
terised by rapid, irregular, and disorganised electrical impulses origi
nating in the atria [2]. These abnormal impulses disrupt the natural 
pacemaker of the heart (the sinoatrial node) leading to inefficient atrial 
contractions and impaired blood flow to the ventricles [2]. AF is esti
mated to affect around 40 million people worldwide [1]. Since age is one 
of the most significant risk factors and global life expectancy continues 
to increase, AF prevalence is expected to increase of 50 % by 2050 [1]. 
The pathology is associated with stroke, heart failure, myocardial 
infarction, dementia, and chronic kidney disease [3], with stroke and 
thromboembolism identified as the most prevalent complications [4,5]. 
These are related with the increased risk of thrombus formation caused 
by the chaotic AF heart rhythm, which leads to blood stasis in the upper 

chambers of the heart [5]. In particular, approximately 90 % of clots 
responsible for thromboembolic events in AF originate in the left atrial 
appendage (LAA) [5,6]. This is a pouch-like structure protruding from 
the left atrium, characterised by a large morphological variability [7] 
and commonly classified based on its shape into four classes: chicken 
wing, cactus, windsock, and cauliflower [8].

Blood coagulation is regulated by a complex, multi-phase biochem
ical process known as the coagulation cascade [9], which involves the 
synergic action of several cellular and molecular components to create a 
stable clot. AF disrupts this finely balanced coagulation system, inducing 
a pro-thrombotic state [10] through mechanisms described in Virchow’s 
triad [11] (this highlights hypercoagulability, endothelial injury, and 
stasis as contributing factors).

To prevent thrombus formation in AF, several treatment options are 
available: oral anticoagulants [12,13], LAA surgical exclusion [14], 
percutaneous LAA occlusion [15], and transcatheter ablation [16]. Since 
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each option is associated with specific risks, it is crucial to assess pa
tient’s specific factors to select the most appropriate individualised 
treatment strategy. Currently, the CHA2DS2-VASc score [17] is used in 
clinical practice to assess thromboembolic risk in patients. This con
siders factors such as congestive heart failure, hypertension, age, dia
betes mellitus, stroke, vascular disease, and gender. However, this 
guideline does not account for haemodynamic factors, which also play a 
crucial role in thrombus formation.

In recent years, numerous computational studies were conducted to 
explore the correlation between haemodynamic parameters and 
thrombus formation. Zhang and Gay [18] were the first to numerically 
analyse the haemodynamic parameters and characterise LAA function, 
showing that it becomes a site for blood stasis during AF, significantly 
increasing the risk of thrombosis. Moreover, the highly variable shape of 
the LAA has suggested that its morphology may be a risk factor for 
thrombus development. Several computational fluid dynamics (CFD) 
studies (Koizumi et al. [19]; Otani et al. [20]; Olivares et al. [21]; Bosi 
et al. [22]; Masci et al. [23]) explored the relationship between 
thrombogenicity and the four types of the LAA morphologies [8]. These 
haemodynamic studies use a rigid wall assumption, which may 
miscalculate the risk of thromboembolism by neglecting the dynamic 
nature of the wall and the reciprocal interaction with the blood. In this 
framework, Vella et al. [24], Kjeldsberg et al. [25] and Zingaro et al. 
[26], incorporating patient-specific LAA wall motion into their simula
tions, demonstrated that LAA compliance significantly affects flow 

patterns and must be considered in CFD simulations. Masci et al. [27], 
using a patient-specific CFD model that integrates atrial wall motion, 
demonstrated that AF-induced alterations in wall motion lead to 
reduced washout in the LAA, which may contribute to thrombosis for
mation. Similarly, Garcia Villalba et al. [28], comparing fixed and 
moving-wall simulations, showed that neglecting wall motion signifi
cantly impacts on the prediction of blood residence time and thrombotic 
risk.

Musotto et al. [29] introduced the use of fluid-structure interaction 
(FSI) studies on patient-specific LAA models, investigating the effects of 
AF-induced changes in contractility and anatomical shape. They found 
that the active contractility of the LAA is essential for maintaining 
healthy blood flow, and that its dysfunction, due to AF, contributes to 
the thrombosis risk. Their follow-up study [30], analysing 12 
patient-specific models, revealed that significant differences exist even 
within the same morphological class, suggesting that current classifi
cation based solely on overall morphology is inadequate. Conversely, 
local features such as lobes and trabeculae can have a significant impact 
on the flow and thrombus formation.

Haemodynamic parameters based on wall shear stress (WSS), such as 
time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI), 
endothelial cell activation potential (ECAP) and relative residence time 
(RRT) have been widely used to assess thrombosis risk [31–37]. For 
instance, Yang et al. [38] found that the RRT in the LAA was generally 
higher in AF than in sinus rhythm, confirming a higher thrombosis risk 

List of abbreviations

ap activated platelets
bp bound platelets
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C{rp,ap,bp} concentration (PLT ml− 1)
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k constant of the kernel function (− )
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rp resting platelets
r time instant
S{pt,th,fg,fi,rp,ap,bp} source term of the species
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α{pt,thfg,fi,rp,ap,bp} diffusion coefficient (cm2 s− 1)
φ generic function
Φth

ap, Φ
fi
bp Hill functions
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Ω Support domain

Mathematical symbols
Δ Delta operator
∑

Summation operator
∇ Nabla operator
∂
∂t Partial derivative with respect to time
D
Dt material derivative with respect to time

Acronyms
AF Atrial fibrillation
BSF Blood stasis factor
CFD Computational fluid dynamics
ECAP Endothelial cell activation potential
FSI Fluid-structure interaction
LA Left atrium
LAA Left atrial appendage
LIC Line integral convolution
OSI Oscillatory shear index
RRT Relative residence time
SPH Smoothed particle hydrodynamics
SSR Shear strain rate
TAWSS Time-averaged wall shear stress
WSS Wall shear stress
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prediction in AF patients. Chen et al. [39] demonstrated that variations 
in TAWSS predominantly occur at the LAA entrance, whereas OSI and 
other indicators like ECAP and RRT are more pronounced at the tip of 
the LAA, influenced by geometric features such as curvature. These 
studies suggest that ECAP and RRT are reliable parameters for assessing 
thrombotic risk, but they did not provide precise thresholds to define 
high or low risk. In this context, Musotto et al. [30] introduced a new 
parameter, named blood stasis factor (BSF), to specifically quantify 
thrombosis risk in the LAA. BSF measures the LAA surface area that 
constantly experiences shear strain rates below 5 s− 1, suggested as a 
critical threshold associated with prolonged blood stagnation during AF. 
Paliwal et al. [40] compared the geometrical and haemodynamic pa
rameters of the left atrium and LAA in 28 paroxysmal AF patients who 
had a stroke versus 27 who had not, and found that the stroke group 
exhibited significantly lower blood velocity, lower WSS, and higher 
ECAP in the LAA. This suggests that the slow, oscillatory flow in the LAA 
experienced by stroke patients promotes endothelial cell activation and 
initiates the coagulation cascade, eventually leading to thrombus for
mation [41].

As hypercoagulability is also a critical contributor to thrombosis 
[11], Zhang et al. [42] examined the effects of blood rheology on LAA 
haemodynamics and found that the average blood viscosity in the LA 
and LAA was significantly higher than the constant viscosity typically 
assumed in simulations. This aligns with findings from Gonzalo et al. 
[43], who showed that assuming Newtonian behaviour for blood un
derestimates the thrombosis risk. On the other hand, Musotto et al. [30] 
verified that applying the Newtonian assumption to model blood flow in 
the LAA does not produce substantial differences in the results compared 
to more complex models, such as Casson’s, and may lead to more con
servative prediction of the thrombosis risk.

Patient-specific computational blood-flow analyses offer the poten
tial to identify these haemodynamic conditions and aid in clinical stroke 
risk assessment. However, translating CFD simulations into clinical 
practice remains challenging due to their computational complexity and 
high cost. To address this, Gao et al. [44] and Liu et al. [45] proposed 
neural networks to predict multiple haemodynamic indices from point 
cloud data of patient-specific LAA geometries. This approach may offer a 
computationally efficient way to assess thrombotic risk in clinical set
tings, predicting key flow metrics such as velocity and pressure fields.

Despite these advances, most studies to date have focused on 
assessing the risk of thrombus formation in the LAA, rather than simu
lating the thrombosis process itself. This study addresses this gap by 
employing a mono-physics FSI model based on the smoothed particle 
hydrodynamics (SPH) method to simulate thrombus formation in 
patient-specific LAA morphologies under AF conditions. SPH was spe
cifically chosen for its ability to model dynamic multiphase flows, which 
makes it particularly suitable for simulating thrombus dynamics and 
emboli movement. These processes are challenging to capture effec
tively with more traditional Eulerian CFD methods.

Originally developed for astrophysical problems [46], SPH is a 
meshless Lagrangian method which has gained popularity in bioengi
neering applications [47] thanks to its ability to handle complex ge
ometries, large deformations, and evolving interfaces. This method has 
already been applied to the study of thrombosis [48–51]. Ye et al. [50] 
simulated two crucial steps in the initial stage of thrombus formation, i. 
e. platelet adhesion and aggregation, providing the first direct simula
tion of three modes of platelet adhesion. Al-Saad et al. [49] studied 
blood flow behaviour and explored conditions that induce thrombus 
formation in blood vessels. To simulate thrombogenesis, they modelled 
blood with two sets of particles representing plasma and platelets, and 
used an inter-particle force model to simulate platelet adhesion and 
aggregation. Wang et al. [48] introduced a simplified method based on a 
velocity decay factor to simulate changes in fibrin concentration using a 
convection-diffusion equation, without accounting for fibrin diffusivity 
or reaction sources. Monteleone et al. [51] developed a thrombus for
mation model considering four biochemical species and three types of 

platelets to replicate the main steps of the coagulation cascade. They 
implemented a novel mono-physics FSI approach introducing elastic 
forces between solid particles, activated by the recruitment of fluid 
particles under specific hydrodynamic and biochemical conditions. This 
model was applied to simulate thrombus formation in a backward facing 
step, and validated by comparing numerical results with experimental 
data available in the literature [52].

In the present study, the approach developed by Monteleone et al. 
[51] is employed to simulate thrombus formation within the LAA. Un
like previous studies that primarily estimate thrombosis risk based on 
haemodynamic parameters [30–40,44,53–56] or focus on static mural 
thrombus [57], this work goes further by simulating, for the first time, 
the entire process of thrombus formation, growth and fragmentation, 
modelling its dynamic interaction with the blood flow within the LAA. 
By providing new insights into the mechanisms and evolution of 
thrombus dynamics, the study aims to advance the understanding of 
these processes, essential for improving risk stratification and optimis
ing patient management.

2. Materials and methods

2.1. SPH scheme

As mentioned in the introduction, the present study employs the SPH 
method, integrated within the software PANORMUS (PArallel Numeri
cal Open-souRce Model for Unsteady flow Simulations), to simulate 
thrombus formation. In SPH, the computational domain is represented 
by a set of particles. The variables at each particle are determined 
through interpolation via a kernel function, W, whose influence is defined 
by a smoothing length, h. Specifically, the value of a generic function φ at 
particle i, located at position xi, is obtained by interpolating the values of 
the neighbouring particles j (1), whose distance from particle i is less 
than k⋅h, where k is a constant which depends on the specific kernel 
function employed (in this study, the Wendland function [58] was used, 
where k is equal to 2): 

φi =
∑Ni

j=1

mj

ρj
φjWij (1) 

In Eq. (1), Ni. is the total number of particles in the support domain of i 
(Ωi), mj and ρj represent the mass and density of j, respectively, and 
Wij = W

(
xi − xj,h

)
. In this work, particles are initially distributed at a 

spacing Δx = k⋅h/2, as recommended in the literature [59–62].
This work adopts an incompressible SPH (ISPH) approach to solve 

the momentum and continuity equations. In particular, the pressure 
field is determined implicitly by solving a system of pressure Poisson 
equations (PPEs) using the BiConjugate Gradient Stabilized method 
(BiCGSTAB) proposed by Van der Vorst [63], following the 
fractional-step technique of Chorin [64], in which the velocity field is 
first predicted using an intermediate step that neglects pressure. Then, in 
the second step, a pressure correction is applied to enforce incompres
sibility, adjusting the predicted velocities to ensure mass conservation. 
Further details on the employed fractional-step procedure and meth
odology can be found in Monteleone et al. [62].

Boundary conditions, which are notoriously difficult to impose in 
SPH due to the truncation of the particle support domain near bound
aries, are handled by using the mirror particle technique [59]. Particles 
having distance from the boundaries shorter than k⋅h are mirrored along 
the direction normal to the boundaries. The mirror particle has the same 
physical properties of the parent particle, while velocity or pressure are 
imposed to ensure the satisfaction of the required boundary conditions. 
This technique allows for accurate modelling of boundary conditions, 
even in complex geometries, by preventing voids or non-physical 
behaviour at the domain boundaries. For a comprehensive description 
of the mirror particle procedure, see Napoli et al. [59] and Monteleone 
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et al. [62].
To address another challenge in SPH, namely tensile instability [65], 

which can lead to particle clustering, this study uses a correction method 
where particles are slightly shifted across streamlines, as suggested by 
Xu et al. [66], to ensure a more uniform particle distribution. This 
correction is crucial for maintaining the overall stability of the simula
tion, preventing the formation of localised particle clusters or voids that 
could affect fluid dynamics. Ensuring an even particle spacing helps to 
preserve the accuracy of the velocity and pressure fields, particularly in 
regions where high gradients are present. A detailed explanation of this 
correction method, including its effectiveness in preventing instability, 
can be found in Xu et al. [66].

2.2. Thrombus modelling

Thrombus formation is predominantly governed by the coagulation 
cascade, which can be initiated through either the extrinsic or intrinsic 
pathways [67]. The extrinsic pathway is triggered by endothelial injury, 
which exposes tissue factor (TF), a crucial protein that initiates the 
coagulation process. Moreover, the injury of endothelium releases von 
Willebrand factor (vWF) [68] into the plasma, leading to trace thrombin 
formation, a key enzyme in the clotting process, from prothrombin, an 
inactive precursor of thrombin. The intrinsic pathway is auto-initiated 
and begins with the activation of plasma factors XII, XI, IX, and VIII. 
Both pathways ultimately converge by activating factor X, which marks 
the beginning of the common pathway [67]. Once factor X is activated, 
the process moves to the amplification and propagation phases, where 
platelets become activated, leading to large-scale thrombin generation. 
This thrombin cleaves fibrinogen, a soluble plasma protein, into insol
uble fibrin monomers [10]. In the final stabilisation phase, polymerised 
fibrin traps platelets and red blood cells, forming a haemostatic plug 
that, under normal conditions, facilitates healing [69].

The thrombus formation model employed in this work is summarised 
in the following (refer to Ref. [51] for more details). As mentioned 
above, the model considers the final stages of the coagulation cascade, 
common to the intrinsic and extrinsic pathways. Specifically, four key 
biochemical species (prothrombin – pt, thrombin – th, fibrinogen – fg, 
and fibrin – fi) and three types of platelets (resting platelets – rp, acti
vated platelets – ap, and bound platelets – bp) are modelled. Thrombin is 
considered the only agonist species, promoting both the conversion of 
fibrinogen to fibrin and the activation of resting platelets. Platelet 
activation is modelled through a function of local agonist concentra
tions, defined in the kinetic constant kap. This constant, along with other 
parameters such as diffusion coefficients and concentration values, is 
reported in Table 1.

The transport of the analysed species is evaluated by solving the 
advection-diffusion equation, reported below in Lagrangian formulation 
[75–82]: 

DCs

Dt
= αs∇

2Cs + Ss (2) 

with the moving coordinate system 

dx
dt

=u (3) 

where Cs represents the time-dependent concentration of a generic 
species (with s = pt, th, fg, fi, rp, ap, bp), αs and Ss are the diffusivity and 
the source term of the specie s, respectively, x indicate the position 
vector, while u the velocity vector. The material derivative DCs

Dt = ∂Cs
∂t +

u⋅∇Cs, which includes the convective term in the Lagrangian formula
tion [83], represents time rate change of species concentration along the 
pathline of a particle.

The conversion from resting to activated platelets occurs when 

Table 1 
Key Reactions and source terms in coagulation pathway. For more details refer to Ref. [51].

Chemical reaction Source terms Constants Diffusion coefficients Biochemical 
concentrations

1. Thrombin generation 
pt + rp→krp

th th pt+ ap→kap
th th

Sth = krp
th Crp Cpt +

kap
th Cap Cpt 

Spt = − Sth

krp
th = 6.50•10− 10 U PLT− 1 s− 1 μ 

M− 1 [70] 
kap

th = 3.69•10− 10 U PLT− 1 s− 1 μ 
M− 1 [70]

αth = 6.47 ⋅ 10− 7 cm2 s− 1 

[71]
Cpt = 1400 nM [72]

2. Conversion of fibrinogen to fibrin fg+ th→kth
fi fi Sfi =

kth
fi Cth Cfg

Kth
m,fi + Cfg 

Sfg = − Sfi

kth
fi = 59 s− 1 [71] 

Kth
m,fi = 3160 nM [71]

αfi = 2.47⋅ 10− 7 cm2 s− 1 

[71]
Cfg = 7000 nM [72]

3. Conversion of resting platelets in activated 
platelets rp→kap ap 
th→kth

ap ap

Sap = kap Crp +

kth
apϕth***

ap Crp 

Srp = −

kap Crp − kth
apϕth

apCrp

kap =

⎧
⎪⎨

⎪⎩

0,Ω < 1

Ω*

tact** ,Ω ≥ 1

αap = 2.5 ⋅ 10− 7 cm2 s− 1 

[73]
Crp = 2 ⋅ 108 PLT ml− 1 

[72] 
C*

th = 9.11⋅ 10− 10 M [70]

4. Formation of bound platelets fi+ ap→kbp bp Sbp = kbp ϕfi
bp

****
Cap 

Sap = − kbp ϕfi
bp Cap

kbp = 1•104 s− 1 [73] αbp = 0 [72] Cap = 1 ⋅ 107 PLT ml− 1 

[72] 
Cfi,50 = 600 nM [72]

pt: Prothrombin, th: Thrombin, fg: Fibrinogen, fi: Fibrin, rp: Resting Platelets, ap: Activated Platelets, bp: Bound Platelets, k: Rate constant, S: Source terms.
Notes.

* Ω =
∑Ns

s=1
ws

Cs

C*
s
, is a function of local agonist concentrations that evaluates the impact of each single specie on the rate of platelet activation [70]. Specifically, ws is 

the weight assigned to the agonist s, Cs is the concentration of the agonist s and C*
s is the threshold value for the concentration of s. In this model, Ω = wth

Cth

C*
th

, wth = 1 

and C*
th is the threshold concentration of thrombin.

** tact = 1 s, denotes the time required for platelet activation [70].

*** ϕth
ap =

C4
th

C4
th + C4

th,50
, is a fourth-order Hill function used to model processes involving cooperative binding [72], Cth,50 = C*

th is the half-saturation constant, repre

senting the thrombin concentration at which half-maximal binding occurs [74].

**** ϕfi
bp =

C2
fi

C2
fi + C2

fi,50
, is a second-order Hill function used to model processes involving cooperative binding [74], Cfi,50 is the half-saturation constant, representing 

the fibrin concentration at which half-maximal binding occurs [74].
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thrombin concentration exceeds the threshold value C*
th, which is set to 

9.11 × 10− 10 M, as recommended in the literature [70,84].
Activated platelets connected to the fibrin network generate bound 

platelets. As will be discussed in section 2.3, a threshold limit for bound 
platelet (indicated as C*

bp) is used to determine if fluid particles shall be 
switched to solid phase. This threshold concentration, that merely reg
ulates the simulation timescale without altering the thrombus formation 
mechanism, is equal to 6 × 1015 PLT m− 3, as in Ref. [51].

Thrombus formation is triggered when two of the three components 
of Virchow’s triad [11] —endothelial injury, hypercoagulability, or 
stasis— are simultaneously present. In this model, endothelial injury is 
considered the primary factor initiating thrombus formation, and 
thrombin specie to have the dominant role in the coagulation process 
(driving platelet activation, fibrin mesh formation, and platelet bind
ing). Therefore, in order to simulate the injured area and initiate 
thrombus formation, the triggering is imposed for the first two cycles 
(with period T = 0.86 s corresponding to a standard beat rate of 70 bpm) 
as flux boundary conditions for thrombin concentration at the LAA wall. 
Specifically, the concentration of thrombin at the LAA wall is artificially 
elevated above the physiological values (Cw,th). Following the mirror 
particle technique, to impose Cw,th, the concentration of the mirror 
particle (Cm,th) is set equal to 2Cw,th − Cg,th, where Cg,th is the concen
tration of the generating particle (for more details see Monteleone et al. 
[51]). From the third cycle (when the injured wall is removed), homo
geneous Neumann conditions are imposed at the LAA opening and at the 
LAA wall for the concentration of all the species ∂Cs

∂n = 0; where n is the 
direction normal to the boundary (pointing towards the interior of the 
domain). This is achieved by imposing the concentrations of the mirror 

particle equal to that of the generating particle 
(

Cm,s = Cg,s

)
[51].

In the model, shear strain rate (SSR), which measures the rate of 
tangential deformation between adjacent fluid layers, was considered to 

have a crucial role in the thrombus formation process. In particular, low 
levels of SSR are correlated with blood stasis [56,85,72]. For this reason 
this hydrodynamic parameter is commonly used to assess the risk of 
thrombosis in computational studies [29,30,56,72].

In order to accelerate the thrombus formation process, which typi
cally evolves over minutes to hours [86], the diffusion of species is 
amplified using a numerical coefficient related to the SSR. Specifically, 
as described in Ref. [51], this coefficient is a function of the SSR ensuring 
that the amplification mechanism is selectively activated in regions of 
blood stasis, where thrombus formation is more likely to occur. As a 
consequence of this numerical enhancement, the simulated cycle does 
not correspond temporally to the cardiac cycle; therefore, hereinafter it 
will be indicated as numerical cycle.

Due to the accelerated conversion of thrombin, a continuous supply 
of the inactive biochemicals (pt and fg) and resting platelets was 
imposed in the simulation.

The concentrations of the modelled species were initialised based on 
typical values found in healthy human blood, as reported in Table 1, 
except for thrombin, fibrin, and bound platelets, which were set to zero. 
To replicate primary haemostasis, an initial amount of activated plate
lets was introduced, equal to 5 % of the resting platelet background 
concentration, as recommended by Sarrami-Foroushani et al. [72].

2.3. Mono-physics FSI

This work employs a mono-physics FSI model [87], where fluid-solid 
coupling is incorporated within the modelling framework, in which both 
fluid and solid particles are solved concurrently within a unified ISPH 
numerical scheme [51].

Initially, all particles behave as fluid particles (Fig. 1a), transitioning 
into solid particles when bound platelet concentration Ci,bp exceeds a 
threshold C*

bp. Spring links are thus introduced between neighbouring 
solid particles located within a distance k⋅h from particle i. In Fig. 1b, 

Fig. 1. Sketch of the thrombus formation. Blue circles: fluid particles, red circles: solid particles; orange circles: solid particles bounded to the wall. a) time instant (r); 
b) time instant (r+1); c) time instant (r+2); d) time instant (r+3). (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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particle i at time instant (r+1) is bounded to the neighbouring solid 
particles (from A to G). When particle i is converted into a solid particle, 
its position xi,ref is recorded as the new reference position for the 
calculation of the spring force. The total internal force fi acting on a solid 
particle i, which is introduced into the momentum equations as a body 
force (specifically added in the predictor step of the ISPH approach), is 
expressed as: 

fi =
keΔx

mi

∑N

j=1

(
d0,ij − dij

)
x̂ij (4) 

where N is the number of neighbouring solid particles connected to i, d0,ij 

is the spring resting length, dij is the instantaneous distance between 
particles i and j, x̂ij =

(
xi − xj

)
/dij is the unit vector directed from i to j, 

and ke is the spring constant, normalised over the initial distance (Δx). 
The calibration of this force law, which relates ke to the mechanical 
properties of the thrombus structure, specifically to its Young’s modulus, 
was performed by simulating uniaxial tensile tests on a solid cube, as 
described in Monteleone et al. (2022) [88] and Monteleone et al. (2023) 
[51] (see these references for more detailed information about the 
methodology and mechanical properties employed). Differently from 
Monteleone et al. (2023) [51], where the rest length of the spring was set 
equal to Δx

̅̅̅
2

√
, representing the average inter-particle distance in the 

initial configuration, in this study the rest distance d0,ij is defined as the 
distance between the reference positions of particles i and j 

(
xi,ref −

xj,ref
)
. This choice was found to have no significant impact on the 

simulation results, while improving numerical stability.
Fig. 1c represents a schematic of the thrombus growth which occurs 

by adding spring links to the newly formed solid particles. Solid particles 
having a distance shorter than k⋅h from the wall are bounded to the wall 
by introducing spring links (particles H and L in Fig. 1c). Potential 
fragmentation of the thrombus is shown in Fig. 1d. Once formed, a 
spring can stretch up to a critical force limit, fmax, beyond which the 
bond between two particles is released. The force limit influences the 
maximum elongation of the springs, and it is independent from the 
resting length. This allows for individual particles (see particle C in 
Fig. 1d) or clusters of particles (see particles A and B in Fig. 1d) to detach 
from the main thrombus and embolise.

2.4. Geometry and boundary conditions

In this work, geometry of LAA and boundary conditions were taken 

from the work of Musotto et al. [30], where twelve LAA models were 
analysed. In particular, a windsock-shape LAA (see Fig. 2), indicated as 
windsock 1 in Musotto et al. [30], was considered for this simulation. 
This model was chosen because it includes all main morphological 
features of LAAs recognised to have a key role in the thrombus formation 
process (orifice, lobes, trabeculae, knees and grooves) [29]. To facilitate 
the identification of these local features, they are referred to using a 
letter and a number, as shown in Fig. 2 (‘L’ indicates main lobes, ‘T’ 
trabeculae, ‘K’ knees and ‘G’ grooves). Moreover, this LAA model has 
relatively small physical dimensions, resulting in the need of less par
ticles, and reduced computational cost and simulation time.

To isolate the role of the appendage in the flow dynamics, only the 
LAA region was modelled. This simplification does not model the com
plex and highly unstable fluid dynamics established in the left atrium, 
which depends on several patient-specific anatomical factors (i.e. the 
LAA geometry, the number, shape and position of the pulmonary veins, 
mitral valve and LAA orifice) and assumptions (such as the specific 
pressure and flow conditions acting at the veins and valvular ostia). 
However, the effect of the atrial flow regime over the velocities and 
shear rates has been demonstrated to affect the results only in the im
mediate proximity of the LAA ostium, where the risk of thrombosis is 
negligible [22,24,29]. Therefore, the adopted simplification enhances 
the reproducibility and comparability of the analyses, while maintaining 
the necessary accuracy in the regions at risk of clot formation.

In Musotto et al. [30], pathological conditions were replicated 
through a one-way FSI analysis using the System Coupling module 
available on ANSYS Workbench [89], assuming as boundary conditions 
an impaired pressure curve (with period of the cardiac cycle T = 0.86 s) 
by AF patients without active contraction [90].

In this study, the atrial fibrillation condition was simulated in SPH 
imposing the LAA wall motion derived from the results of [30] as 
moving boundaries with adherence condition. Therefore, the velocity, 
um, of the mirror particle was set equal to um = 2 uw − ug, where uw is 
the velocity of the wall at the intersection point between the boundary 
and the line connecting the mirror with the generating particle, while ug 

is the velocity of the generating particle [59].
Moreover, a zero-pressure reference condition was applied at the 

LAA inlet, modelled as an opening [62], allowing the flow to develop 
based on the pressure gradient established by the imposed wall move
ment [30].

The domain was discretised with a smoothing length of 5.5 × 10− 4 

m, resulting into an average number of particles during the cycle equal 
to 167,779 (convergence analysis has confirmed that this resolution is 

Fig. 2. LAA features and boundary conditions. Orifice: red line; lobes: L1, L2a, L2b, L2L3a, L3b and L3c; trabeculae: T1, T2 and T3; knees: K1, K2 and K3; groove: G1. 
(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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adequate, resulting in average errors for the local velocity magnitude 
and concentrations, normalised by the maximum values, below 3 % for 
all quantities).

Blood was modelled as incompressible Newtonian, with dynamic 
viscosity of 0.0037 Pa s and a density of 1062 kg/m3. This assumption 
reduces computational cost, without introducing significant differences 
compared to more accurate non-Newtonian formulations [30]. More
over, it may underestimate the level of stagnation, resulting conserva
tive in the prediction of thrombosis [43,91].

As discussed in section 2.2, injured wall condition was imposed only 
in the first two numerical cycles. Subsequently, this condition was 
removed and the thrombus started to form where the concentration 
exceeds the threshold value C*

bp.
Overall, eighty (80) numerical cycles were simulated, stopping the 

analysis when no significant variations in the formed thrombus were 
observed for more than 5 cycles.

Simulation was carried out on an AMD EPYC 7402–2.8 GHz pro
cessor and the time to complete one cycle in serial mode was about 12 h. 
In order to save computational costs, the parallelisation scheme 
described by Monteleone et al. (2022) [92] can be implemented, by 
extending the approach to domains with moving boundaries.

3. Results and discussion

Due to the highly complex geometry of the patient-specific model 
(see Fig. 2), it is not possible to identify a single plane that shows all the 
LAA local features, including lobes and trabeculae. Therefore, for clarity 
of representation, results of the haemodynamic analysis are visualised 
over two cross sections laying on planes at different levels. As shown in 
Fig. 3, plane 1 illustrates the general coronal view, whilst plane 2 focuses 
on the trabeculae and lobes located on the left side of the domain, 
adjacent to the LAA orifice. Moreover, three key instants of the cardiac 
cycle are analysed in detail: the maximum velocity of contraction of the 
LAA wall (t1) and the LAA minimum and maximum volume (t2 and t3, 

respectively).

3.1. Thrombus

Fig. 4 shows the thrombus formation percentage in the analysed 
domain over time, calculated as the ratio of solid particles to the average 
total number of particles during a cycle. Reported results will focus on 
nine cycles, useful to interpret the different stages of the phenomenon. 
These are selected subdividing the maximum value of the thrombus 
formation percentage into eight even steps (the corresponding number 
of cycles is highlighted in Fig. 4 from a to i). For simplicity, the 
nomenclature used for the panels in Figs. 5–8 corresponds to the indices 
adopted for the respective cycles in Fig. 4 (e.g. Fig. 7d represents cycle 
d as identified in Fig. 4).

For the first two cycles, when the injured wall is imposed (as dis
cussed in section 2.2), no thrombus is formed, as the threshold con
centration C*

bp is not reached in any region of the domain (from zero to 
point a in Fig. 4). After this initial stage, thrombus formation begins, and 
the curve exhibits a rapid nearly linear growth (a-b). To better describe 
this phase, three additional cycles between a and b (indicated as a1, a2 
and a3, corresponding to the 3rd, 4th and 5th cycles, respectively) are 
analysed. Afterwards, the growth rate starts to reduce (b-c), with a 
noticeable deceleration in thrombus development from the 12th to the 
20th cycle (c-d), until the formation reaches 16.66 % (d). From this point, 
the growth accelerates again. Subsequently, an inflection point is 
observed (e-f), marked by a change in slope, followed by another phase 
of linear growth over time (f-g). At the 62nd cycle (h), a sudden increase 
in thrombus formation is experienced, followed by another linear 
growth phase and a further step increase. This is associated with the 
formation of thrombus plugs that occlude the flow channel crossing the 
clotted region. This causes sudden stagnation of entire regions, acti
vating several particles in a short time. This mechanism is responsible 
for the jumps observed in the h-i segment in Fig. 4. After the 74th cycle, 
thrombus formation stabilises, with variations below 0.02 % over 5 

Fig. 3. Sketch of the plans used to report the results of the haemodynamic analysis.
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cycles (i).
Fig. 5 illustrates the progression of thrombus formation in the entire 

three-dimensional model. Notably, the process begins at the tip of the 
LAA (lobe L1), confirming its high thrombogenicity due to blood stag
nation. Thrombus formation then extends to the lobes L3b and L3c (a1 in 
Fig. 5) before spreading further to lobes L2b and L3a, and to knees K1 
and K2 (a2 in Fig. 5). These findings are in agreement with clinical 
outcomes [93–95] and other computational works aimed at assessing 
the thromboembolic risk [37,96], where the LAA tip and lobes are rec
ognised as high-risk regions. Initially, thrombus formation occurs at the 
wall, due to the thrombin boundary condition (imposed for the first two 
cycles, as described in section 2.2), which simulates the presence of wall 
injuries. Subsequently, the thrombus extends within the fluid domain. 
As thrombus formation advances, it interests lobe L2a and the area near 
knee K1 (see a3 and b in Fig. 5), progressively spreading across the 
surface surrounding the LAA tip and reaching the surface of trabecula 
T1, as shown in Fig. 5c. In subsequent cycles, the thrombus continues to 
grow in the previously identified regions, both inside the LAA and along 
the wall, and starts forming also at the midspan of the appendage 
(Fig. 5d). The thrombus then occludes the area near trabecula T3 
(Fig. 5e), penetrating inside and extending into adjacent areas. It 
eventually occupies the entire section of the LAA (Fig. 5f and g). In this 
phase, several particles embolise and leave the LAA, as shown by the 
white dots representing the embolised particles in Figs. 6–8. By cycle h in 
Fig. 5, the thrombus covers the appendage from tip to midspan, 
obstructing the flow channels inside the clotted region. In this stage, a 
layer of thrombus covering part of the LAA wall (at the side with lower 
SSR) expands to the orifice and starts propagating into the atrium. 
Finally, the thrombus stabilises (Fig. 5i), occupying nearly 45 % of the 
domain and 65 % of the LAA, defined as the volume up to the orifice (see 
Fig. 4). In this configuration, several particles embolise and leave the 
appendage (see white dots in Figs. 6i–8i).

3.2. Haemodynamic changes

As reported in section 2.2, SSR has a key role in the thrombus for
mation process. Figs. 6–8 show the continuous SSR maps on the two 
selected planes described in Fig. 3, at the maximum velocity of wall 
contraction (t1) and at the minimum and maximum expansion of the 
LAA volume (t2 and t3, respectively). The SSR values, calculated by the 
SPH code at discrete particle positions, were processed and interpolated 
to generate continuous fields across each plane, ensuring a coherent 
representation of SSR. The velocity streamlines are also visualised in 
Figs. 6–8 using the line integral convolution (LIC), at the selected nine 

stages of the thrombus formation (from a to i) indicated in Fig. 4. Since 
the streamlines in the figures are influenced by the wall motion, SSR 
maps are useful to isolate the fluid dynamic contribution.

The thrombus front, indicated by dashed white lines on the maps, 
moves consistently with the wall position, appearing at different loca
tions across the equivalent cycles (see for example in Fig. 6h and 
Fig. 8h). Internal flow channels crossing the clotted region are indicated 
with dotted lines, while embolised particles are represented as white 
dots.

In Fig. 6, it is evident how the presence of the thrombus significantly 
alters the haemodynamics in the LAA. The thrombus creates a wall effect 
resulting in an increase in the SSR, visible at the interface region sepa
rating liquid blood and thrombus (white dashed lines in Figs. 6–8). At 
the early stages (Fig. 6b), in correspondence of the thrombus located at 
lobe L1, SSR peaks of 10 s− 1 are observed, values that were absent before 
thrombus formation (Fig. 6a). As thrombus formation progresses, larger 
areas come into contact with the clot, leading to higher SSR levels over 
time (see Fig. 6b–f). This is particularly evident in the upper part of the 
domain, although the thrombus-blood interface also advances in the 
lower left section, near lobes L3b and L3c. Conversely, the internal re
gion occupied by the clot, where particles behave like an elastic solid 
material, exhibits SSR values below 2 s− 1.

As the thrombus reaches the central region of the LAA (Fig. 6g), a 
progressive propagation of the thrombotic area with the surrounding 
regions becomes visible (Fig. 6h). In these latter stages, reaching the 
thrombus front a high-recirculation area, thrombi originating from lobe 
L3c begin to detach (see white points in Fig. 6f–i). This phenomenon is 
particularly noticeable in Fig. 7f–i, at the time t2 corresponding to the 
minimum volume. The thrombus begins to detach at the maximum ve
locity of wall contraction (t1), due to the higher SSR values. Later, during 
the phase of minimum expansion (t2), these embolised solid particles are 
carried away, especially in the region around groove G1.

It should be highlighted that, although the most noticeable haemo
dynamic changes occur in the upper part of the LAA (particularly at the 
maximum contraction velocity), the area near lobe L3c appears to be the 
most dangerous. Here, constant exposure to high SSR increases the risk 
of thrombus detachment. When the thrombus detaches, it enters a re
gion with higher recirculation and is easily channelled to the atrium, 
significantly increasing the risk of ischaemic events.

The most significant changes in lobes L3b and L3c are observed at the 
instant t3 (Fig. 8). The presence of thrombus becomes evident, as 
increasingly larger areas are exposed to very low SSR values, accom
panied by a change in the direction of the flow lines. As the thrombus 
reaches trabeculae T2 and T3 (Fig. 8c–e), SSR values drop below 1 s− 1, 

Fig. 4. Percentage of thrombus formed in the analysed domain over time, expressed in numerical cycles. a) 2nd cycle, a1) 3rd cycle, a2) 4th cycle, a3) 5th cycle, b) 
6th cycle, c) 12th cycle, d) 20th cycle, e) 34th cycle, f) 45th cycle, g) 53rd cycle, h) 62nd cycle, i) 80th cycle.
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compared to approximately 3.0 s− 1 observed in the absence of clot 
(Fig. 8a). As the thrombus progresses towards lobes L3a, L3b and L3c, as 
well as to trabeculae T2 and T3 (Fig. 8f), it comes into contact with 
regions where SSR levels are higher (Fig. 8g and h). This causes the 
detachment of clot fragments (see white points in Fig. 8i), which then 
migrate within the fluid domain.

3.3. Species concentration

Fig. 9 shows the evolution of the of thrombin and activated platelet 
concentrations over the 80 numerical cycles, in five selected partitions 
(indicated as P1, P2, P3, P4 and P5) of the LAA. For each partition, the 
concentrations of thrombin and activated platelets were calculated at 
the centroid, as mean value of the concentrations of the neighbouring 

Fig. 5. Thrombus formation in the numerical cycles a to i indicated in Fig. 4. The local features of the LAA are reported as in Fig. 2 (‘L’ indicates main lobes, ‘T’ trabeculae, ‘K’ 
knees and ‘G’ grooves).
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particles.
In the plot, continuous lines indicate the phases preceding thrombus 

formation, transitioning to a dashed lines once the thrombus has formed. 
For the clarity of representation, in P5 (located beyond the orifice), 
where the concentrations remain very low and thrombus formation 
never occurs, dotted black lines are used. In particular, the thrombin 
concentration in partition 5 consistently hovers around 10− 10 mol/m3 

throughout the 80 numerical cycles. This is significantly lower than that 
observed in the other partitions of the LAA. This finding well aligns with 
the clinical evidence [97,98], which indicates that thrombin concen
tration in the LAA is higher than in the atrium.

In partitions 2 and 4, thrombin concentrations continue to rise as the 
thrombus expands internally within these regions. In contrast, partitions 
1 and 3 exhibit distinct patterns in their thrombin concentrations. In 
partition 1, thrombus formation occurs as early as the 8th cycle, whereas 

in partition 3, thrombus formation is delayed until the 14th cycle. The 
thrombin concentration in partition 1 reaches a plateau around the 26th 

cycle, and subsequently declines at the 62nd cycle; while in partition 3, 
the concentration begins to decrease at the 77th cycle.

Both partitions 1 and 3 display peaks of activated platelet concen
trations at cycles 13 and 27, respectively, followed by sharp declines 
indicating rapid platelet consumption during thrombus formation.

Although thrombus formation occurs earlier in partition 1, due to 
reduced blood washout, this partition appears to be at lower risk 
compared to partition 3. The latter, characterised by a higher washout 
rate, exhibits a delay in thrombus formation; however, once formed, the 
clot is more susceptible to detachment and subsequent embolisation (as 
discussed in sections 3.1 and 3.2). In order to further substantiate this 
dynamics, the trajectories of several solid particles were monitored over 
twenty-five numerical cycles. In particular, the trajectory of three 

Fig. 6. Continuous shear strain rate contour maps and velocity streamline at the time instant t1 corresponding to the maximum velocity of contraction of the LAA wall. Bold 
white dashed line: thrombus front; thin white dashed line: internal flow channels wall. White dots: emboli. Numerical cycles a to i are indicated in Fig. 4. The local features of the 
LAA are reported as in Fig. 2 (‘L’ indicates main lobes, ‘T’ trabeculae, ‘K’ knees and ‘G’ grooves).

A.M. Lo Presti et al.                                                                                                                                                                                                                            Computers in Biology and Medicine 191 (2025) 110134 

10 



particles, coming from the thrombus-blood interface, is shown in 
Fig. 10: one starting from partition 3 (C) and the other two from parti
tions 2 and 4 (B and A, respectively), near trabecula T1, after the 
thrombus developed within the domain. Particle C from partition 3 exits 
the domain within 16 cycles (from 3rd to 18th), due to the high blood 
washout; while particles A and B from partitions 2 and 4, respectively, 
remain ’trapped’ within the domain.

In summary, the results highlight significant variations in thrombin 
and activated platelet concentrations across the different partitions of 
the LAA, which appear to relate to the different levels of thromboem
bolic risk.

4. Limitations

This study has some limitations. Firstly, blood is treated as a New
tonian fluid, which simplifies the complex rheological behaviour of 
blood. Secondly, the wall movement is modelled as periodic, which is a 
significant limitation, as the presence of a thrombus might alter the 
contraction dynamics. To improve the accuracy of the model, future 
studies will incorporate a more realistic representation of the wall mo
tion, considering its alteration during thrombus growth. Also, the 
modelling of the coagulation cascade is simplified, and additional bio
logical factors that may influence thrombus formation and stability 
could be included in the future.

Moreover, this work does not model the left atrium, mitral valve, and 
pulmonary veins. This simplification, as demonstrated in previous works 

Fig. 7. Continuous shear strain rate contour maps and velocity streamline at the time instant t2 corresponding to the minimum volume. Bold white dashed line: 
thrombus front; thin white dashed line: internal flow channels wall. White dots: emboli. Numerical cycles a to i are indicated in Fig. 4. The local features of the LAA 
are reported as in Fig. 2 (‘L’ indicates main lobes, ‘T’ trabeculae, ‘K’ knees and ‘G’ grooves).
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[24,29], has minimal impact on the fluid dynamics in the LAA regions 
where flow conditions increase the risk of clot formation [22]. Never
theless, when more detailed patient-specific simulations are required, 
the presented computational tool remains suitable for analysing larger 
regions (e.g. including the left atrium, the pulmonary veins, and the 
mitral valve).

Finally, a key limitation is the lack of experimental validation and 
retrospective analyses, which would be crucial for confirming the 
robustness and accuracy of the approach. Although obtaining such data 
is challenging, efforts are underway to gather it for future validation.

5. Conclusions

This study simulates thrombus formation in a patient-specific left 

atrial appendage under the pathological condition of AF. To this aim, a 
mono-physics FSI model based on the meshless SPH method was 
employed.

The final stages of the coagulation cascade was modelled considering 
four biochemical species and three types of particles.

In the model, fluid particles switch to solid phase when specific 
haemodynamic and biochemical conditions occur. Solid particles are 
treated by incorporating internal spring links between them and are 
solved in a unique system with fluid particles, consequently obtaining an 
intrinsic coupling between the fluid and solid phases. The method does 
not require an interface separating fluid and solid, often necessary in 
common FSI models, thus simplifying the procedure and reducing 
computational costs. The particle agglomeration/dissolution algorithm 
effectively manages thrombus growth, its interaction with blood flow 

Fig. 8. Continuous shear strain rate contour maps and velocity streamline at the time instant t3 corresponding to the maximum LAA volume. Bold white dashed line: 
thrombus front; thin white dashed line: internal flow channels wall. White dots: emboli. Numerical cycles a to i are indicated in Fig. 4. The local features of the LAA are 
reported as in Fig. 2 (‘L’ indicates main lobes, ‘T’ trabeculae, ‘K’ knees and ‘G’ grooves).
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and, eventually, the formation of emboli.
This is the first study which analyses both the thrombus growth and 

its evolution as well as the haemodynamic changes that occur during 
this process.

In accordance with the literature, areas characterised by lower 
recirculation are notably affected: thrombus formation initiates at the 
tip of the LAA and gradually expands through the lobes and trabeculae. 
These areas, which are most prone to thrombus formation, correspond to 
those predicted by the haemodynamic parameter BSF, previously 
calculated by Musotto et al. [30] to assess thromboembolic risk in the 
LAA.

The findings of this study highlight distinct risk profiles across 
different regions of the LAA. In particular, in the early stages, when 
thrombus formation is confined to the LAA tip, the analysis suggests that 
the risk of neurological damage is lower, particularly if diagnosed 
promptly. However, as the thrombus progresses and reaches areas with 
higher SSR, the likelihood of embolisation increases, consequently 
elevating the risk of ischemic events such as stroke.

The LAA tip, where thrombus formation initially occurs, appears to 
be less prone to embolisation and can be considered safer. In contrast, 
the region closer to the orifice, while experiencing higher washout ef
fects that delay thrombus accumulation, seems to be more prone to 

Fig. 9. Evolution of thrombin and activated platelets concentrations at the centroid of partitions P1 (orange), P2 (green), P3 (red), P4 (blue) and P5 (black). 
Continuous and dashed lines: before and after, respectively, the thrombus formation at the centroid; dotted black line: partition P5 where the thrombus never forms. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Pathlines of three particles: A starting from partition 4 (monitored during 3rd–27th cycles), B from partition 2 (during 3rd–27th cycles) and C from partition 
3 (during 3rd–18thcycles).
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instability due to increased recirculation. This may contribute to the 
detachment of emboli and raise the risk of thromboembolic events. 
These findings underscore the importance of understanding the dynamic 
progression of clot formation and growth to predict thromboembolic 
risks more accurately.

By identifying regions most susceptible to embolisation, particularly 
where thrombi are more likely to detach, clinical decision-making can 
be improved. Early detection of these high-risk areas allows for timely 
intervention, potentially preventing or mitigating the severity of 
embolic events.

A thorough understanding of thrombus formation and its interaction 
with blood flow is crucial for developing more effective therapeutic 
strategies, and should ideally be included in the risk criteria. In fact, 
recognising the critical stages in thrombus evolution, such as the tran
sition from stability to increasing risk of embolisation, can contribute to 
devise more effective diagnostic approaches and create more precise 
guidelines, ultimately reducing embolic risks and enhancing patient 
management in atrial fibrillation.
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