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A B S T R A C T

Atrial fibrillation (AF) is associated with a fivefold increased risk of cerebrovascular events, 
contributing to 15–18 % of all strokes. Stroke prevention in clinical practice is typically guided by 
the CHA2DS2-VASc score, which depends on general clinical risk factors but falls short in pre
dicting risk at an individual patient level. In this study, we introduce a digital twin model of the 
left atrium (LA) combined with computational fluid dynamics (CFD) simulations to enhance 
personalized stroke risk assessment. Simulations were performed on patient-specific dynamic LA 
models in sinus rhythm (SR) across three patient groups: 10 controls (CTRL), 10 with paroxysmal 
AF (PAR-AF), and 10 with persistent AF (PER-AF). Blood flow velocity and areas susceptible to 
thrombogenesis, based on several factors including endothelial damage, were identified in the left 
atrial appendage (LAA). In general, control subjects exhibited higher average blood velocity in 
both the LAA and its ostium (0.11 ± 0.03 m/s and 0.28 ± 0.05 m/s, respectively) compared to 
those with AF. In the AF groups, the velocities were lower (LAA: PAR-AF 0.05 ± 0.02 m/s, PER- 
AF 0.04 ± 0.02 m/s; LAA ostium: PAR-AF 0.14 ± 0.03 m/s, PER-AF 0.11 ± 0.04 m/s). CFD 
analysis revealed that endothelial cell activation potential (ECAP) was significantly higher in AF 
patients (PAR-AF: 3.96 ± 3.28 Pa⁻1, PER-AF: 4.77 ± 2.08 Pa⁻1) compared to controls (0.93 ±
0.63 Pa⁻1). These findings suggest that AF patients experience slower and more oscillatory blood 
flow in the LAA, increasing their risk of thrombosis. Additionally, blood tends to stagnate within 
the LAA, further raising the likelihood of clot formation. This proposed method could be used to 
enhance stroke risk stratification in AF patients by incorporating an index that integrates blood 
velocity-derived parameters.

1. Introduction

Atrial fibrillation (AF) is the most common form of arrhythmia globally, and its prevalence is expected to rise significantly in the 
near future due to population aging and improved survival rates in heart disease patients, which prolongs exposure to cardiovascular 
risk factors [1]. AF is associated with a well-established fivefold increase in the risk of cardioembolic events, but the underlying 
mechanisms of thrombogenesis in AF are complex and not fully understood. Virchow’s triad remains the fundamental 
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pathophysiological framework: thrombus formation arises from coagulation abnormalities, tissue (atrial myocardium and endocar
dium) dysfunction, and altered blood flow dynamics within the atria. AF can affect all three components of Virchow’s triad and 
consistently leads to damage in atrial cells and structures, including the LAA. This process, known as atrial remodeling, is characterized 
by progressive enlargement of the left atrium and LAA, increased tissue fibrosis, and reduced contractile strength of the atrial walls [2,
3]. Because many episodes of AF are asymptomatic, it is challenging to accurately assess its overall contribution to both atrial car
diomyopathy and thrombogenesis. It is now hypothesized that in some cases, AF may merely serve as a marker of an underlying atrial 
cardiomyopathy, which itself can promote local thrombogenesis through alternative biological pathways, independently triggering 
Virchow’s process.

Atrial remodeling is linked to an elevated risk of cardioembolic events and heart failure, though its progression can vary signifi
cantly due to several still partially understood factors. However, appropriate treatments can slow down or even reverse the remodeling 
process [4].

Clinical risk is typically assessed using widely adopted scoring systems, with the CHA2DS2-VASc score being the most common. This 
score is based on a limited set of general clinical descriptors, such as age, sex, hypertension, diabetes, congestive heart failure, and prior 
stroke, which were identified in large epidemiological studies. However, without a precise metric to evaluate the balance of Virchow’s 
triad factors at the individual level, the CHA2DS2-VASc score is an imperfect predictor of stroke, offering only modest predictive 
accuracy and performing particularly poorly in distinguishing risk among low-risk patients. Other scoring systems have been proposed 
to enhance the classification of AF patients, such as the ATRIA (Anticoagulation and Risk Factors in Atrial Fibrillation) score [5], which 
has been shown to be more accurate than the CHA2DS2-VASc score in identifying low-risk patients. However, the calculation of the 
ATRIA score is also based on factors like age, history of stroke or transient ischemic attack, diabetes, hypertension, heart failure, 
proteinuria, and renal disease. These factors are assigned to specific point values that contribute to the final score [6]. Despite its 
improved performance, the ATRIA score still exhibits similar limitations in predictive accuracy when applied to individual patients 
[7].

The relationship between AF patterns and stroke risk, independent of CHADS2 and CHA2DS2-VASc scores, is currently a topic of 
much debate. Understanding this link is complicated by evidence that patients with paroxysmal AF tend to have a different clinical 
profile compared to those with other forms of AF. Paroxysmal AF patients are typically younger, with a lower prevalence of structural 
heart disease and comorbidities such as chronic kidney disease, chronic obstructive pulmonary disease, and peripheral vascular 
disease. They also tend to have a lower estimated risk of thromboembolic events and bleeding [8,9]. In a meta-analysis by Zhang et al., 
examining chronic anticoagulation in patients at moderate-to-high stroke risk, it was found that paroxysmal AF patients who received 
treatment had significantly lower rates of stroke and all-cause mortality compared to those with non-paroxysmal AF. Importantly, the 
reduction in stroke risk among patients with paroxysmal AF was not linked to a decreased risk of hemorrhage, as the safety profile of 
anticoagulation therapy remained consistent across different types of AF [10]. This evidence highlights the necessity of conducting 
stroke risk assessments tailored to the individual patient’s profile to enhance clinical outcomes and optimize resource allocation for AF 
management.

To develop a comprehensive patient-specific profile, computational fluid dynamics (CFD) simulations play a crucial role, in 
addition to the information typically available in clinical settings. These simulations enable detailed analysis of blood flow patterns 
within the heart, especially in the left atrial appendage (LAA), and provide valuable insights into regions prone to blood stasis, which 
increases the risk of clot formation.

Analyzing blood flow patterns within the LA and LAA using CFD simulations has been suggested as a novel method for identifying 
the mechanistic factors that contribute to atrial thrombogenesis at the individual level. The initial studies that utilized more gener
alized boundary conditions, like average flow rates, provided valuable insights into flow patterns; however, they did not possess the 
level of detail necessary for accurate individual risk stratification. More recent studies have shown that it is possible to simulate 
realistic three-dimensional blood flow patterns in LA by employing patient-specific dynamic anatomical models, incorporating LA 
displacement obtained from imaging data, and using boundary conditions derived from Doppler measurements at the pulmonary veins 
(PVs) and the mitral valve (MV) [11–13]. Sun et al. (2023) utilized advanced CFD models to improve thrombus risk predictions by 
analyzing factors such as Relative Residence Time (RRT) and Oscillatory Shear Index (OSI) [14]. A comparison of these findings reveals 
that the evolution of CFD simulations, from basic anatomical models and average flow rates to patient-specific dynamics and detailed 
boundary conditions, has significantly deepened our understanding of LA hemodynamics. This advancement carries practical impli
cations for clinical practice, allowing for more precise identification of high-risk patients who could benefit from targeted anti
coagulation therapy or interventional procedures to mitigate stroke risk [14,15].

Building on these advancements in CFD simulations for evaluating stroke risk in AF patients, we propose the creation of a digital 
twin (DT) of the LA and LAA. This digital twin would utilize patient-specific data to develop a dynamic, real-time model that accurately 
simulates blood flow patterns and predicts the risk of thrombus formation. By integrating anatomical data, flow conditions, and the 
mechanical properties of the atrial walls, the digital twin would serve as a comprehensive tool for personalized stroke risk assessment. 
This approach could enhance the accuracy of risk stratification and facilitate more tailored therapeutic interventions, ultimately 
leading to improved patient outcomes.

2. Methods

2.1. Study population

A total of one hundred patients were enrolled in the observational registry FATA (“Fluid-dynamics in the Left Atrium in Atrial 
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Fibrillation Patients and Controls for Thrombogenic Risk Analysis”), which was conducted by the Cardiology and Radiology Units at “S 
Maria delle Croci” Hospital in Ravenna, part of the Health Service of Romagna, Italy (approved by the Local Ethics Committee - C.E.R. 
O.M., approval no. 1276/2019 I.5/6, on February 13, 2019). The enrollment criteria included no history of prior arterial embolic 
events or strokes, no congenital heart disease, and no previous heart surgeries or percutaneous interventions, including any ablations 
for tachyarrhythmias. Among the enrolled patients, thirty non-consecutive individuals were selected and further categorized into three 
groups based on their clinical presentation of AF (Table 1).

2.2. Patients data acquisition

Contrast-Enhanced Computed Tomography (CECT) data were acquired using a Philips Brilliance 64 CT scanner while the patients 
were in sinus rhythm (SR). Ten volumes (comprising 170 axial slices with a pixel size of 0.4 mm and a slice thickness of 1 mm) were 
reconstructed to cover a full cardiac cycle, starting from the end of ventricular diastole, using retrospective ECG gating. The CECT files 
were saved in DICOM format, and Doppler measurements were also collected at the MV and PVs.

2.3. Data analysis

The data processing workflow utilized for the analysis is illustrated in Fig. 1. Details regarding the creation of the dynamic model 
and the execution of the CFD simulations can be found in the supplementary material [16–18].

The blood velocity fields at both the ostium and within the LAA were analyzed for each model. Furthermore, metrics such as time- 
average wall shear stress (TAWSS), oscillatory shear index (OSI), relative residence time (RRT), and endothelial cell activation po
tential (ECAP) were assessed in the LAA. These variables can also be used to evaluate how blood rheological methodologies influence 
the optimization of patient-specific left atrial appendage occlusion strategies for thrombosis assessment [19,20].

First, the viscous stress vector τ→ exerted by the wall on the fluid is defined as follows: 

τ→= μ
[
∇ u→+ (∇ u→)

T
]
• n→

where μ represents the viscosity of blood, ∇ u→denotes the velocity gradient, and n→ is the unit normal vector extending from the fluid to 
the wall.

In general, the normal component of the viscous stress vector can be subtracted from the total viscous stress vector to obtain the 
wall shear stress (WSS̅̅ →) vector, including direction: 

WSS̅̅ →
= τ→− ( τ→• n→) n→

Wall shear stress quantifies the retarding force (per unit area) exerted by the left atrial endocardial wall on the layers of blood 
flowing adjacent to it. This stress reflects the shear traction generated by the blood flow acting on the endothelial cell surface. The 
wall’s force on the fluid per unit area is represented by the WSS in a direction parallel to the local tangent plane. Due to the periodic 
nature of the heartbeat, it is possible to calculate an average metric known as TAWSS, which is defined as follows: 

TAWSS=
1
T

∫ T

0

⃦
⃦
⃦WSS̅̅ →

⃦
⃦
⃦

2
dt 

where T represents the total duration of the simulated cardiac cycles, and ‖ • ‖2 denotes the Euclidean norm of a vector. Consequently, 
TAWSS can offer insights into areas that promote thrombus deposition and growth.

Because WSS is calculated based on the magnitude of the shear force, it does not account for the oscillatory nature of the flow. 
Therefore, the OSI is introduced as follows: 

OSI=
1
2

(

1 −

⃦
⃦
⃦
∫ T

0 WSS̅̅ → dt
⃦
⃦
⃦

2
∫ T

0

⃦
⃦
⃦WSS̅̅ →

⃦
⃦
⃦

2
dt

)

Table 1 
Main characteristics of the patients in the three groups (CTRL: control, PAR-AF: paroxysmal AF, PER-AF: persistent AF). BSA: Body Surface Area; LV 
EF: Left Volume Ejection Fraction; LA: left Atrium; Mitral Valve Regurgitation: 0: no regurgitation, 1: minimal, 2: mild, 3: moderate, 4: severe; ^p <
0.05 CTRL vs PAR-AF and PER-AF.

CTRL PAR-AF PER-AF

Gender (M/F) 7M/3F 8M/2F 8M/2F
Age (years) 58 ± 12 60 ± 8 67 ± 9
BSA (m2) 1.9 ± 0.2 2.0 ± 0.1 2.0 ± 0.2
LV EF (%) 58.5 ± 3.2 57.0 ± 10.8 57.5 ± 3.4
Normalized LA volume (ml/m2) 45.3 ± 10.0^ 60.6 ± 11.0 79.6 ± 16.1
Mitral Valve Regurgitation (0 ÷ 4) 0.1 ± 0.3^ 1.1 ± 1.0 1.4 ± 1.0
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OSI characterizes the deviation of the WSS vector from its average direction; a higher OSI value indicates greater oscillation in the 
flow. This dimensionless metric ranges from [0, 0.5] and is elevated in areas where the WSS fluctuates significantly throughout the 
cardiac cycle. The directional changes in flow primarily contribute to the higher OSI values.

RRT represents the duration that blood spends close to the left atrial wall. It describes the accumulation of inflammatory cells, 
which can lead to degradation of the LA wall, potentially resulting in enlargement and particle deposition. RRT is defined as follows: 

RRT=
1

(1 − 2OSI)*TAWSS 

This indicator identifies regions of the wall where shear stress is low and the flow is oscillatory. The duration of blood residence 
near the wall increases in this hemodynamic environment. Such conditions may facilitate particle deposition and trigger an inflam
matory response in the endothelial cells.

To identify areas of the wall that experience both high OSI and low TAWSS, Di Achille et al. [21] proposed a new index that uses the 
ratio of these two indices to assess the degree of ’thrombogenic susceptibility’ of the wall. This metric is known as ECAP: 

ECAP=
OSI

TAWSS 

Higher values of the ECAP index are associated with conditions of elevated OSI and reduced TAWSS, indicating increased endo
thelial susceptibility. This measure is commonly used in studies assessing thrombogenic risk within the LAA [22,23].

Additionally, to assess blood stasis, the residence time Tr is defined as the duration that blood particles remain within the LA 
chamber. This quantity is expressed by the following equation: 

∂Tr

∂t
+ v→*∇Tr =1 

Rather than solving the equation directly, the 3D flow velocity field generated from the simulation was utilized to track the 
Lagrangian flow tracers, allowing for the estimation of the time elapsed along their paths. Subsequently, the spatio-temporal evolution 
of blood residence time within the LAA was assessed. It is noted that, despite potential numerical errors, this method yields results that 
are essentially equivalent to solving the equation directly [24].

2.4. Statistical analysis

The parameters outlined earlier were calculated for all participants enrolled in the study, and comparisons between the groups 
were made. To evaluate the normal distribution of each parameter, a one-sample Kolmogorov-Smirnov test was first conducted among 
the three groups. As all parameters demonstrated a normal distribution, the data are presented as mean ± standard deviation. A one- 

Fig. 1. Graphical description of the workflow designed for the analysis: patient-specific contrast enhanced CT (CECT) data are segmented and 
registered to derive the LA anatomical model and the 3D displacement fields allowing to derive the LA dynamic model representing the compu
tational domain for the CFD simulation in sinus rhythm (SR) using mitral valve/pulmonary veins (MV/PVs) Doppler as boundary conditions.
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way ANOVA was then performed to determine any statistical differences among the groups. Statistical significance was established 
with a p-value of less than 0.05.

3. Results

In all study subjects, data processing and simulations were successful, allowing for comprehensive analysis.

3.1. Blood velocity

The results revealed significant differences in average velocity values among the different groups within the LA. Specifically, 
control subjects exhibited substantially higher average velocities compared to those with AF. The recorded average velocities were 0.5 
± 0.12 m/s for control subjects, 0.2 ± 0.05 m/s for PAR-AF subjects, and 0.07 ± 0.01 m/s for PER-AF subjects. These differences 
underscore the variations in flow dynamics between the groups, with control subjects demonstrating markedly higher blood flow 
speeds.

When examining blood velocity within the LAA, the data exhibited considerable variability. The lowest mean velocity was recorded 
in a PER-AF subject at 0.02 m/s, indicating very slow blood flow. In contrast, the highest mean velocity was observed in a control 
subject, at 0.18 m/s. On average, the control group showed a higher mean velocity (0.12 ± 0.03 m/s) compared to the PAR-AF group 
(0.05 ± 0.02 m/s) and the PER-AF group (0.04 ± 0.02 m/s), with statistical significance (p < 0.05) (Table 2). This suggests that control 
subjects experienced more robust blood flow within the LAA, which may be linked to more efficient cardiac function.

Further analysis focused on the mean velocity at the LAA ostium. The results indicated that the control group had a significantly 
higher average velocity (0.28 ± 0.05 m/s) compared to both the PAR-AF group (0.14 ± 0.03 m/s) and the PER-AF group (0.11 ± 0.04 
m/s), with statistical significance (p < 0.05) (Table 3). This higher velocity at the LAA ostium in control subjects suggests more 
effective blood flow and potentially improved washout during the cardiac cycle. The enhanced washout observed in control subjects 
could indicate better overall atrial function and a reduced risk of thrombus formation.

For a detailed overview of patient-specific velocity values and statistical analyses, refer to Tables 2 and 3.

3.2. TAWSS, OSI, RRT and ECAP

In Fig. 2, TAWSS, OSI, RRT and ECAP maps in the LAA in a representative subject for each group are shown.
As reported in Table 4, our analysis revealed that control subjects exhibited higher TAWSS values at the LAA ostium compared to 

subjects with AF. Specifically, the average TAWSS across the entire LAA was 0.78 ± 0.35 Pa for control subjects. In contrast, PAR-AF 
and PER-AF subjects had lower average TAWSS values of 0.28 ± 0.16 Pa and 0.18 ± 0.07 Pa, respectively (p < 0.05). This suggests that 
the velocity gradient and associated wall shear stress were generally higher in control subjects, which could indicate more effective 
blood flow dynamics in the absence of AF.

OSI values, which reflect the variability in blood flow direction, were notably higher in AF subjects compared to controls. Spe
cifically, PAR-AF and PER-AF subjects had OSI values of 0.25 ± 0.06 and 0.22 ± 0.06, respectively, while control subjects had an OSI 
value of 0.20 ± 0.07. These elevated OSI values in AF patients are likely due to the altered blood flow patterns in the LAA, where the 
flow direction reverses significantly during a heartbeat. This phenomenon results in greater fluctuations in flow direction, particularly 
at the tip of the appendage. However, the differences in OSI between groups were not statistically significant (p = 0.2), indicating that 
while observable trends exist, they may not be substantial enough to draw definitive conclusions.

RRT, which measures the duration that blood particles spend near the wall, was significantly higher in the PAR-AF and PER-AF 
groups (123.83 ± 143.68 Pa⁻1 and 112.79 ± 97.25 Pa⁻1, respectively) compared to the control group (9.09 ± 7.66 Pa⁻1) (p <
0.05). This suggests that subjects with AF experience higher oscillatory flow, which is associated with prolonged wall contact. Such 
extended contact may increase the risk of particle deposition and potential inflammatory responses in the endothelial cells lining the 

Table 2 
Mean velocity values in the LAA for each patient in each group and average value for the 
entire group (last row). ^p < 0.05 CTRL vs PAR-AF and PER-AF.

Mean LAA velocity (m/s)

CTRL PAR-AF PER-AF

0.09 0.05 0.03
0.09 0.03 0.03
0.13 0.06 0.02
0.13 0.05 0.05
0.08 0.02 0.06
0.11 0.06 0.02
0.12 0.06 0.04
0.18 0.07 0.06
0.08 0.04 0.07
0.14 0.07 0.03
0.12 ± 0.03^ 0.05 ± 0.02 0.04 ± 0.02
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blood vessels.
ECAP values, which indicate areas with a potential for thrombus formation, were significantly higher in the PAR-AF and PER-AF 

groups (3.96 ± 3.28 Pa⁻1 and 4.77 ± 2.08 Pa⁻1, respectively) compared to the control group (0.93 ± 0.63 Pa⁻1) (p < 0.05). These 
elevated ECAP values in subjects with AF suggest the presence of potentially thrombogenic areas, highlighting an increased risk of clot 
formation in the LAA of patients with AF.

The box plots of the CFD parameters, shown in Fig. 3, visually represent the data distribution across the different groups. These 

Table 3 
Mean velocity values of the LAA ostium for each patient in each group and average value for 
the entire group (last row). ^p < 0.05 CTRL vs PAR-AF and PER-AF.

Mean LAA ostium velocity (m/s)

CTRL PAR-AF PER-AF

0.25 0.12 0.1
0.21 0.09 0.1
0.29 0.16 0.08
0.32 0.17 0.13
0.24 0.1 0.15
0.25 0.13 0.01
0.29 0.14 0.12
0.35 0.18 0.13
0.21 0.09 0.15
0.35 0.18 0.1
0.28 ± 0.05^ 0.14 ± 0.03 0.11 ± 0.04

Fig. 2. CFD-derived parameters (Time-Averaged Wall Shear Stress throughout the cardiac cycle in the 1st row; Oscillatory Shear Index in the 2nd 

row; Relative Residence Time in the 3rd row; Endothelial Cell Activation Potential in the 4th row) in one representative subject for each group (CTRL 
subject in the 1st column; a PAR-AF patient in the 2nd column; a PER-AF subject in the 3rd column).
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plots provide a clear and intuitive way to interpret the variability and trends in the previously discussed results. By illustrating the 
range, median, and any potential outliers within each group, the box plots facilitate accessible comparisons of the CFD parameters, 
making it easier to identify patterns and differences among the groups.

Fig. 4 illustrates the residence time Tr by showcasing a representative subject from each group. Overall, the lowest Tr values were 
recorded near the pulmonary veins inlets, where blood enters the left atrium, and velocities reach moderate levels of approximately 
70–80 cm/s. This finding aligns with previous research by Durán et al. [22], which suggests that secondary flow patterns, running 
parallel to the mitral valve ostium, are less constrained by overall mass conservation within the chamber compared to primary flow 
patterns, which are perpendicular to the mitral valve ostium. Consequently, secondary flow patterns can vary significantly based on 
anatomical characteristics, boundary conditions, and other influencing factors. Importantly, changes in secondary flow patterns near 
the left atrial appendage ostium can substantially impact the flow within the appendage, thereby affecting the residence time in that 
region. In contrast, the washout process within the left atrial body is primarily governed by the main flow patterns.

When examining residence time within the left atrial body, there were no significant differences among the groups, with Tr values 
consistently around 1 s, corresponding to one cardiac cycle. Despite the impaired atrial activity in subjects with atrial fibrillation, Tr 
within the left atrial body rarely exceeded 2 cycles. Previous studies [13,23] have demonstrated that residence time is generally much 
longer within the left atrial appendage compared to the left atrial body. Additionally, while Tr in the left atrial body remained rela
tively uniform, the left atrial appendage exhibited considerable variation between normal and atrial fibrillation subjects. In normal 
subjects, Tr remained close to 1 cycle within the LAA, whereas in paroxysmal atrial fibrillation, Tr extended to 5 cycles at the tip of the 
appendage, and it was even longer in persistent atrial fibrillation. Notably, there was significant heterogeneity in Tr distribution within 
the proximal regions of the left atrial appendage, particularly among subjects with atrial fibrillation. This pattern was consistent across 
all subjects in each group.

To further investigate these dynamics, a linear regression model was applied to compare both TAWSS and ECAP with residence 
time within the LAA, as shown in Fig. 5. The results suggest an inverse relationship between Tr and TAWSS: as TAWSS increases, Tr 

Table 4 
Mean values of the CFD-derived parameters in the LAA for each group (*CTRL vs PAR-AF and PER-AF).TAWSS: time-averaged wall shear stress; OSI: 
oscillatory stress index; RRT: Relative residence time; ECAP: endothelial cell activation potential.

Parameters CTRL PAR-AF PER-AF p-value*

TAWSS (Pa) 0.78 ± 0.35 0.28 ± 0.16 0.18 ± 0.07 <0.05
OSI 0.20 ± 0.07 0.22 ± 0.06 0.25 ± 0.06 0.2
RRT (Pa¡1) 9.09 ± 7.66 123.83 ± 143.68 112.79 ± 97.25 <0.05
ECAP (Pa¡1) 0.93 ± 0.63 3.96 ± 3.28 4.77 ± 2.08 <0.05

Fig. 3. Box plots of the computed CFD-derived parameters in the LAA in the three groups (CTRL, PAR-AF and PER-AF). Top left panel: Wall Shear 
Stress; Top right panel: Oscillatory Shear Index; Bottom left panel: Relative Residence Time; Bottom right panel: Endothelial Cell Activa
tion Potential).
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tends to decrease, displaying a consistent trend across all groups. This can be attributed to the fact that TAWSS is directly related to 
blood velocity; higher velocities contribute to more effective washout, thereby reducing Tr in those regions. Conversely, a positive 
correlation between Tr and ECAP was observed. As ECAP increases, Tr also increases, indicating that areas with higher potential for 
thrombogenesis are associated with longer residence times. This relationship underscores the heightened sensitivity of the hemody
namic environment in the LAA, particularly in subjects with atrial fibrillation, where the LAA is more reactive to changes compared to 
normal subjects. This increased sensitivity in patients with atrial fibrillation highlights the importance of closely monitoring these 
regions for potential thrombus formation.

Fig. 4. Residence time representation in one representative subject for each group.

Fig. 5. Linear regression model between residence time Tr and TAWSS (top panels) and Tr and ECAP (bottom panels) in the three study groups 
(CTRL subjects – left panels, PAR-AF - mid panels, PER-AF - right panels PER).
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4. Discussion

The proposed approach has demonstrated feasibility across all study subjects, offering a solid framework for the quantitative 
assessment of various hemodynamic parameters that can characterize stroke risk in patients with AF.

Computed hemodynamic parameters are widely utilized to examine how hemodynamics influence tissue mechanics in abdominal 
aortic diseases [25]. However, their application in patients with atrial fibrillation is limited to a few studies. Furthermore, directly 
comparing these values across different studies poses challenges due to several factors: (1) various studies employ different compu
tational fluid dynamics models with distinct boundary conditions; (2) the calculation of these parameters is complex and necessitates a 
solid understanding of their physical significance; (3) not all computational fluid dynamics solvers automatically compute these pa
rameters during hemodynamic simulations.

In J. Dueñas-Pamplona et al. study [23], a set of hemodynamic indices was evaluated within the LAA to compare flexible and rigid 
atrial models under fibrillation conditions. All parameters, with the exception of time-averaged wall shear stress, fell within the range 
observed in the control group.

In recent years, endothelial cell activation potential has been measured from blood velocity fields in studies [21,26,27]. Unfor
tunately, these investigations did not focus on developing a DT model for stroke risk assessment but rather examined the effects of 
specific heart rhythm issues or treatments. Thus, comparisons with our findings can only be qualitative. Nonetheless, the upward trend 
in ECAP values when comparing left atrial appendages in control subjects and those with atrial fibrillation is supported.

When comparing our results with those of Morales et al. [28] and Qureshi et al. [[27], we found similar ECAP values, even though 
these studies employed different computational fluid dynamics models and methodologies. In contrast, the ECAP values reported by 
Paliwal et al. [29] were significantly different.

Regarding residence time, although it was calculated by tracking Lagrangian flow tracers, similar values were reported by García- 
Villalba et al. [13] and Durán et al. [22]. The substantial difference in LAA velocity across groups is consistent with the higher Tr 
observed in our study among patients with AF. This finding may also explain the greater variability of Tr in this group’s LAA in relation 
to ECAP.

The key finding of our study is that, on average, WSS was consistently lower, while OSI, ECAP, and RRT were consistently higher in 
the LAA of patients with AF compared to control subjects. Significant differences were observed for WSS, RRT and ECAP (Table 3). 
These results suggest that in patients with AF, the LAA is more susceptible to slower and more fluctuating blood flow than in controls.

In vitro studies have shown that exposure to such low and oscillating flow conditions can activate endothelial cells and promote a 
proinflammatory state [30]. Consequently, the combination of low WSS and high OSI may stimulate the endothelial cell layer of the 
LAA wall, attracting local platelets and leukocytes [31]. This process can activate the coagulation cascade near the endothelial cells 
through mechanisms similar to those seen in venous thrombus formation [32], ultimately leading to the development of a local clot. 
The clinical significance of these findings is that patients with AF are at a heightened risk for thromboembolic events, particularly 
strokes, due to the increased likelihood of clot formation within the LAA.

To implement this approach in clinical practice, patients would undergo imaging techniques such as contrast-enhanced computed 
tomography, magnetic resonance imaging, or real-time three-dimensional echocardiography to acquire detailed data of the LA and 
LAA. The imaging data would be processed using the developed two-dimensional segmentation technique to create an accurate 
anatomical model of the patient’s left atrium and left atrial appendage. This step could be integrated into the standard radiology 
workflow, with specialized software managing the segmentation and model generation.

Using the anatomical model, CFD simulations would be conducted to calculate key hemodynamic parameters, including WSS, OSI, 
RRT and ECAP. These parameters would provide a quantitative assessment of the patient’s stroke risk, particularly in relation to 
thrombus formation within the LAA. The results from the simulations would then be integrated into the patient’s clinical profile 
alongside traditional stroke risk assessment tools, such as the CHA2DS2-VASc score.

This combined approach would enable clinicians to stratify patients based on their individual risk and tailor anticoagulation 
therapy accordingly. For instance, patients identified with particularly high-risk hemodynamic profiles might benefit from more 
aggressive anticoagulation strategies, closer monitoring, or even interventional procedures like left atrial appendage closure.

The integration of this advanced hemodynamic assessment into clinical practice marks a significant advancement in the person
alization of stroke prevention strategies for patients with AF. Unlike traditional risk scores that provide general estimates based on 
population-level data, this approach facilitates precise evaluation of stroke risk on an individual basis. By incorporating patient- 
specific anatomical and hemodynamic data, clinicians can make more informed decisions regarding anticoagulation therapy, 
potentially reducing the risk of both stroke and bleeding complications.

To achieve this aim, we must address several challenges in both imaging and modeling. Cardiac imaging is a crucial method for 
assessing blood clot risk in patients with atrial fibrillation. However, transesophageal echocardiography (TEE), which is considered the 
gold standard for identifying thrombus in the left atrial appendage and demonstrates a sensitivity and specificity of 95 %–100 % 
clotting process at the vessel and coagulative status levels [33,34].

By incorporating additional metrics such as residence time in specific areas, vorticity, and kinetic energy [13,35], we can mitigate 
certain limitations. Some studies have proposed a blood hypercoagulability index using a simplified system of 
reaction-diffusion-convection equations to model thrombus growth dynamics. This approach focuses on key proteins in the blood 
clotting process, including thrombin, fibrinogen, and fibrin [26]. Our approach would significantly benefit from incorporating these 
additional indicators to enhance our understanding of how each factor influences stroke risk.

Utilizing a broader range of indices will enable us to explain the phenomenon of clot formation from multiple research perspectives, 
such as blood flow conditions, tissue injuries, and the creation and placement of particles. By weighing each factor appropriately, we 
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could develop a new clinical score to evaluate stroke risk on a patient-specific basis. However, it is important to recognize several 
limitations of this study. First, the relatively small sample size of 30 patients may restrict the generalizability of the findings. Larger size 
multicenter studies are necessary to validate these results across diverse populations and to confirm that the observed trends hold true 
across various patient demographics and clinical settings. Additionally, this study does not include long-term follow-up data, limiting 
our understanding of how these hemodynamic parameters may evolve over time and how they correlate with actual stroke outcomes in 
patients with atrial fibrillation. Longitudinal studies would be beneficial for assessing the predictive value of these parameters and for 
informing long-term management strategies for these patients.

Furthermore, the ability to quantitatively evaluate parameters such as residence time, vorticity, and kinetic energy in the LAA 
could facilitate the development of new clinical scores that are more sensitive and specific to the risk of thrombus formation in patients 
with AF. This advancement could enhance the identification of high-risk individuals who may benefit from preventive measures 
beyond standard anticoagulation, including catheter ablation or surgical interventions. Further research is required to validate these 
findings in larger, more diverse cohorts and to refine computational models for improved accuracy. Additionally, there is an oppor
tunity to broaden the range of hemodynamic parameters considered in risk assessments. For instance, integrating metrics associated 
with blood hypercoagulability, such as those derived from reaction-diffusion-convection models of thrombus growth, could strengthen 
the predictive capabilities of these models. By gaining insights into the interplay between blood flow dynamics, tissue injuries, and 
coagulation processes, we can create a more comprehensive understanding of stroke risk in patients with AF.

To sum up, this approach has the potential to transform the management of patients with AF by offering a more comprehensive 
understanding of individual stroke risk and facilitating truly personalized medicine. By broadening the array of tools available to 
clinicians, we can advance towards the goal of preventing strokes more effectively and with greater precision, ultimately enhancing 
outcomes for patients with AF.

5. Conclusions

In conclusion, these preliminary findings indicate significant differences between patients diagnosed with AF and individuals 
without AF or relevant heart disease. The proposed method has the potential to develop a digital twin model for evaluating stroke risk 
in patients with AF. Ongoing tests on a larger sample population are being conducted in our lab, along with the assessment of various 
measurements through our computations. It is essential to pursue these steps to validate the initial findings and determine the risk level 
associated with each patient.
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