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A B S T R A C T   

Background: Complications of atrial fibrillation (AF) include ischemic events originating within the left atrial 
appendage (LAA), a protrusion of the left atrium with variable morphological characteristics. The role of the 
patient specific morphology and pathological haemodynamics on the risk of ischemia remains unclear. 
Methods: This work performs a comparative assessment of the hemodynamic parameters among patient-specific 
LAA morphologies through fluid-structure interaction computational analyses. Three LAA models per each of the 
four commons patient-specific morphological families (chicken wing, cactus, windsock, and cauliflower) were 
analysed. Mechanical properties of the tissue were based on experimental uniaxial tests on a young pig’s heart. 
Boundary conditions were imposed based on clinical assessments of filling and emptying volumes. Sinus rhythm 
and atrial fibrillation operative conditions were simulated and analysed. 
Results: For each model, the effect of morphological and functional parameters, such as the number of trabeculae 
and LAA stroke volume, over the hemodynamics established into the appendage was analysed. Comparison 
between results obtained in healthy and diseased conditions suggested the introduction of a new parameter to 
quantify the risk of thrombosis, here called blood stasis factor (BSF). This is defined as the LAA surface area which 
permanently experiences levels of shear strain rate inferior to a threshold value, set to 5 s− 1 (BSF5). 
Conclusions: This work suggests that the current morphological classification is unsuitable to evaluate the 
probability of thrombus formation. However, hemodynamic parameters easy to determine from clinical exam-
inations, such as normalised stroke volume, LAA orifice flow rate and presence of extensive trabeculations can 
identify departures from healthy hemodynamics in AF and support a more systematic stratification of the 
thromboembolic risk.   

1. Introduction 

Atrial fibrillation (AF) is a pathology that affects the heart rhythm 
and is directly related to the increase in thromboembolic risk and 
ischemic events [1,2]. AF occurs when the electrical activity in the atria 
becomes disorganised due to the activation of several trigger points on 
the atrial walls, causing very fast and irregular contractions [3]. Over 90 
% of thrombi involving ischemic events due to not valvular atrial 
fibrillation are reported to originate in the left atrial appendage (LAA) 

[4,5]. 
The LAA is an anatomical structure protruding from the left atrium 

which is believed to act as a decompression chamber of the left atrium 
during ventricular systole [6], and helps to normalise atrial pressure 
through the release of natriuretic peptide [7]. The LAA shape is largely 
variable between individuals [8], and is commonly classified into four 
morphological groups, identified as chicken wing, cactus, windsock and 
cauliflower (here reported from the most to the least common observed 
in patients) [9]. 
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Although the correlation between AF and the formation of thrombi in 
the LAA is well established [10,11], the role of LAA morphology with 
thromboembolic risk remains unclear [12,13], despite being widely 
investigated. A number of computational fluid dynamics (CFD) studies 
based on patient-specific LAA models have analysed the haemodynamic 
effects of AF [10,14,15]. The role of the LAA contractility and the effects 
produced by the chronicity of the pathology, such as volumetric 
remodelling, were also analysed on idealised LAA geometries [16] and 
on patient-specific models, by means of fluid-structure interaction (FSI) 
simulations [17]. These studies have suggested a correlation between 
anatomical phenotypes and the probability of clot formation, although 
they were not designed to identify a direct association between the 
morphological class and the risk of thrombosis. 

In this work, three patient-specific LAA computational models per 
each of the four common morphological classes (12 models in total) 
were analysed and compared under healthy and pathological operating 
conditions, with the aim to identify potential correlations between 
anatomical and functional LAA parameters and the probability of 
thrombus formation, so as to implement an appropriate methodology for 
thromboembolic risk stratification applicable to common clinical prac-
tice. The study aims to identify fluid-dynamics parameters directly 
responsible for the clot formation that may support the clinical assess-
ment of the thromboembolic risk through basic clinical measurements. 

2. Methods 

2.1. Models design 

Three LAA patient-specific models were considered for each 
morphological family (3 × chicken wing, 3 × cactus, 3 × windsock and 3 ×
cauliflower), for a total of twelve models. These models were acquired by 
computed tomography scans of adult population not affected by AF, and 
classified by expert cardiologists. The acquired volumes represent the 
blood content within the LAA at the beginning of the filling phase and 
the adjacent anatomical part, such as the left atrium and pulmonary 
veins. Patients provided written informed consent to participate in the 

study, according to the recommendations of the South East Research 
Ethics Research Committee, Aylesford, Kent, United Kingdom. For each 
model, only the LAA region was analysed, with the aim to better isolate 
the effect of the LAA, as suggested in previous studies from our group 
[16,17]. The models, represented in Fig. 1, were created following the 
procedure described in detail in Musotto et al. [17]. In brief, the LAA 
surface and a portion of the atrium terminating halfway between the 
proximal section of the LAA neck and the pulmonary veins was extracted 
for each model. This surface was closed with a bulge at the open inlet to 
define the fluid domain. The surface was also used as the inner wall of 
the solid structure, obtaining the outer wall by offsetting the same sur-
face by 2.1 mm [18], after smoothening it to remove discontinuities due 
to the presence of trabeculations [17]. The geometries of the fluid 
domain and solid structure were then imported in the commercial 
software Ansys 2022 R2 for meshing and performing FSI simulations. In 
particular, a mesh of tetrahedral elements was employed for both fluid 
and structural domains, with a density of 70 elements per cubic milli-
metre, whose accuracy was already verified in Musotto et al. [17]. The 
structural domain was solved through the Transient Structural module, 
while the fluid domain was analysed through the CFX package. The FSI 
calculation was performed with the System Coupling module available on 
ANSYS Workbench [19], using a one-way approach. 

This is far more efficient in terms computational resources than the 
two-way approach, albeit less accurate in fully capturing the interaction 
between the fluid and structural domains [20]. Still, variations between 
the two approaches on the relevant results (i.e. the estimated volume 
variation and velocity distributions) differ well below one order of 
magnitude. This was verified for model chicken wing 1, as reported in 
APPENDIX. This model was selected because the chicken wing 
morphology is reported to be by far the most common (observed in 
about half of patients) [9], and the morphology of model chicken wing 1 
was identified by three experienced cardiologists as the most represen-
tative of this class among the analysed shapes. 

Fig. 1. LAA models classified by morphological families: chicken wing in red; cactus in yellow; windsock in green and cauliflower in blue.  
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2.2. Mechanical and rheological properties 

The mechanical response of the LAA tissue was obtained from uni-
axial mechanical tests performed on anatomical sections taken from a 
young pig heart harvested from a local slaughter house. Tests were 
carried out on fresh tissue, within few hours from the animal death, to 
minimise sample deterioration. Mechanical tests were performed on a 
Zwickyline uniaxial universal testing machine (Zwick.Roell GmbH & Co, 
Ulm, Germany) with a 500 N loadcell. Three rectangular specimens were 
prepared, with a width of 7 mm, imposing an initial gauge length of 12 
mm. The average thickness of each specimen was measured with a 
Mitutoyo gauge micrometre (Mitutoyo Corporation, Tokyo, Japan), 
performing five measurements at evenly spaced locations along the 
specimen axis, covering the entire gauge length. 

Tensile tests were performed keeping the specimens immersed in a 
phosphate-buffered saline solution at body temperature (37 ◦C), 
imposing a crosshead speed of 1 mm/s until failure. Nominal stress and 
strain were recorded during the whole test. 

Fig. 2a reports the stress-strain curves measured for the three spec-
imens (black lines). Two of the three specimens (2 and 3 indicated in the 
plot with dashed and dotted black lines, respectively) failed before 
passing the toe typically observed in biological soft tissues [18]. This 
was expected, especially for the LAA appendage tissue, whose charac-
terisation is affected by the complex topological and microstructural 
features captured in each specimen [18], which results into high vari-
ability in the tissue mechanical properties. Still, specimen 1 (indicated as 
continuous black line) reached the breaking point at substantially larger 
values of stress and strain than the others, well capturing the typical 
stress-strain nonlinearity expected in biological soft tissues. Hence, this 
curve was selected to characterise the models’ material, and fitted with a 
third order Ogden model [21,22]. The fitting curve is plotted in Fig. 2a 
as a dashed red line. 

In particular, Ogden constitutive representation was selected as it is 
suitable to describe the behaviour of biological soft tissues, including 
cardiac muscles [23], and is reported to be able to well replicate the 
physiological pressure-volume response of myocardial tissue [24]. The 
model is described in Eq. (1): 

WOgden =
∑3

i=1

μi

αi
J
− αi

3
(
λαi

1 + λαi
2 + λαi

3 − 3
)
; (1)  

where J is the Jacobian measuring dilatancy, λ1, λ2, and λ3 are the 
principal stretches, μiare related to the shear modulus, and αiare mate-
rial constants. The Ogden constants best fitting the selected stress-strain 
curve were μ1 = 0.05, μ2 = 0.175101419, μ3 = − 0.217898141, α1 =

8.031219931, α2 = 7.015481171, α3 = 7.336946763. The third order 
model was used because it guarantees satisfactory fitting with the 
experimental curves (resulting in residual equal to 4.4 0.10− 6). 

Moreover, this curve allowed to obtain a good matching with the 

stroke volume of the LAA reported in clinical data under physiological 
loading conditions [25]. 

At the scale of the study, human blood can be considered a homo-
geneous non-Newtonian fluid with shear thinning, thixotropic and 
viscoelastic properties [26–28]. A number of rheological relations have 
been developed to describe this behaviour [29], mostly based on the 
visco-plastic rheological model implemented by Casson [30]. However, 
these are designed to simulate steady-state conditions [31], and can 
therefore result in overestimation of the viscosity and blood stasis [17]. 
Hence, it was preferred modelling blood as a Newtonian fluid, with 
density of 1062 kg/m3 and dynamic viscosity of 0.0037 Pa⋅s. This 
assumption, which leads to conservative results in the assessment of 
thromboembolic risk [17,32] and reduces the computational cost of the 
analyses, does not introduce significant differences in the results, as 
verified by a comparison with the Casson model performed for one of the 
configurations (chicken wing 1) and reported in the APPENDIX. 

2.3. Boundary conditions 

Two operative conditions were analysed: sinus rhythm (which rep-
resents the healthy condition) and acute AF. The sinus rhythm condition 
was simulated imposing a pressure curve measured in the atrium on 
patients without atrial fibrillation [33], considering a heart frequency of 
70 bmp (continuous black line in Fig. 2b). 

In the sinus rhythm operative condition, the contractile action of the 
LAA was modelled using the procedure described in Musotto et al. [17], 
which allows to realistically simulate the active contraction of the LAA 
through a virtual thermal load. In particular, coefficients of thermal 
expansion Cx = Cy = 0.03 were used in the LAA wall plane, and a co-
efficient Cz = − 0.06 across the wall thickness, so as to model the 
incompressibility of the muscle during contraction. A spatially uniform 
thermal load (represented as dashed black lines in Fig. 2b,c) was applied 
to all wall elements, following in time a curve suitably calibrated to 
obtain, in combination with the pressure load, similar physiological 
volume variation as reported for the LAA at the emptying and filling 
phases by Li et al. [34]. Since models were obtained from radiological 
acquisitions and are therefore representative of LAAs subjected to 
physiologically pressurised conditions, an additional constant thermal 
load was tuned to restore the initial volume at the beginning of the 
filling phase (selected also as a reference for the beginning of the cardiac 
cycle). The tuning of the thermal load (curve and thermal expansion 
coefficients) was performed on the chicken wing 1 morphology, repli-
cating the volume variation curve, both in shape and magnitude, as 
described by Li et al. [34]. As mentioned above, between the analysed 
anatomies, this model is the most representative of the most common 
morphological class [5,9]. The resulting thermal curve (based on an 
arbitrary reference temperature variation ΔT = 0.9 ◦C) is plotted in 
Fig. 2b as a dashed black line. The pressure and thermal curves (Fig. 2b) 
were applied to all models to simulate sinus rhythm condition. 

Fig. 2. (a) Stress-strain curve resulting from the uniaxial mechanical tests on LAA tissue for specimens 1,2 and 3 (continuous, dashed and dotted black lines, 
respectively), and Ogden fitting curve on the selected specimen 1 (dashed red line); (b) boundary conditions used to simulate sinus rhythm; and (c) boundary 
conditions used to simulate atrial fibrillation conditions. 
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In order to model AF condition, the pressure curve reported by Park 
et al. [35], based on clinical measurements in patients with atrial 
fibrillation, was employed (continuous black line Fig. 2c). In the path-
ological condition, the thermal component associated with the active 
contraction was not included, as this is negligible during AF [8]. As a 
result, a constant thermal load corresponding to that replicating the 

phase of maximum filling that the LAA reaches in the condition of sinus 
rhythm (Tmax = 0.9 ◦C) was applied (dashed black line in Fig. 2c). 
Therefore, the filling and emptying phases in AF are passive, and 
regulated only by the compliance of the LAA wall under the action of the 
applied pressure. 

Due to the one-way approach used in the FSI numerical model, the 

Fig. 3. Wall SSR in sinus rhythm at five-time instants computed for the last simulated cardiac cycle.  
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pressure curve was directly imposed on the internal walls of the struc-
tural domain. 

Simulations were run for 2 consecutive cardiac cycles, verifying that 
the end of the second cycle was identical to the end of the first one for all 
simulations. As this confirmed that the whole second cycle has already 
reached periodicity, this was considered for the results analysis. 

2.4. Statistical analysis 

A parameter commonly used in clinical practice to evaluate the 
thromboembolic risk is the velocity at the LAA orifice [36–39]. Hence, in 
order to confirm the relevance of this quantity, the mean velocity at the 

orifice, umean, was estimated for all models. Also, other parameters that 
can be clinically measured and serve for diagnostic support were 
quantified and evaluated in terms of their relation with the risk of 
thrombosis, by means of linear regression and statistical analysis. 

In summary, the clinically measurable quantities investigated were:  

• mean velocity at the LAA orifice, umean;  
• LAA volume at the maximum expansion, Vmax;  
• LAA volume at the maximum contraction, Vmin;  
• LAA stroke volume, ΔV = Vmax − Vmin;  
• normalised stroke volume, V* = ΔV/Vmin; 

Fig. 4. Average wall SSR for the four morphological classes in sinus rhythm and atrial fibrillation conditions.  
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In addition, to consider the role of local topological features, the 
number of trabeculae, Ntrabeculae, was also evaluated. 

3. Results 

For better clarity of representation, and in order to enlighten the 
potential role of current LAA classification, results are grouped based on 
the morphological classes (chicken wing, cactus, windsock and 
cauliflower). 

Shear Strain Rate (SSR) was chosen as the physical parameter to 
analyse the probability of clot formation. 

In fact, low levels of SSR are associated with blood stasis [40–42] and 
are often employed in computational analyses to assess the risk of 
thrombosis [17,41,42]. Contour maps of the wall SSR values, obtained 
in the different models at five representative instants of the cardiac cycle 
(t1, t2, t3, t4 and t5), are represented in Fig. 3. In particular, the time 
instants were selected on the basis of the typical volume variation curves 
for sinus rhythm and AF (represented at the bottom of Fig. 3): t1 is 
selected in the middle of the expansion curve; t2 corresponds to the 
instant of maximum filling; t3 is the beginning of the atrial contraction 
(active in the case of sinus rhythm and passive for AF); t4 is selected in 
the middle of the contraction curve; and t5 is the instant when the LAA 
volume is minimum. A logarithmic rainbow colour scale was selected to 
better highlight the variations of the wall SSR. 

The evolution in time of the SSR averaged over the blood-structure 
wall interface for the different models is reported in Fig. 4. These 
values are calculated on the LAA surface, excluding the atrial portion of 
the domain (proximally to the end of the LAA neck). 

It is worth mentioning that, based on the Virchow triad, clot for-
mation is most likely to initiate at the walls, where abnormal blood flow 
can interact with potentially injured tissues [43,44]. Hence, a parameter 
is defined here and used in the reminder of this paper to quantify the 
thrombosis risk, indicated as blood stasis factor (BSF). This corresponds 
to the LAA area permanently exposed to a wall SSR below 5 s− 1 (BSF5). 
This threshold value was assumed indicative of unphysiological condi-
tions because it corresponds to the minimum BSF computed in all 
models when subjected to healthy sinus rhythm conditions. This can be 
appreciated looking at the histogram in Fig. 5, where red bars indicating 
the LAA areas below 5 s− 1 for all models are not observable in sinus 
rhythm condition. To identify higher propensity towards unphysio-
logical stagnation during healthy operating conditions, areas perma-
nently exposed to a wall SSR below 10 s− 1 (BSF10) are also quantified 
and represented as yellow bars in Fig. 5. 

Regions where BSF5 and BSF10 were observed are represented in 
Fig. 6 as red (high risk regions) and yellow (moderate risk regions) 
contour maps, respectively. Blue areas represent the regions where SSR 
value becomes larger than 10 s− 1 at least for some part of the cardiac 

cycle. 
Correlation of BSF with the common morphological classification 

and with global hemodynamic parameters was investigated by means of 
linear regression analysis and statistical tests. 

Anova test indicated that BSF5 does not exhibit any statistical dif-
ference among the four morphological classes analysed (p-value =
0.365). 

Univariable linear regression analysis was applied to evaluate the 
suitability of the other clinically measurable quantities (reported in 
Table 1) to serve as predictor of the thromboembolic risk. 

In particular, T-test was used to determine if the relationship is sta-
tistically significant, and R-squared was employed to estimate the frac-
tion of BSF5 variance explained by the predictor [45]. 

Pearson correlation was computed between BSF5 and all the selected 
variables, estimated in AF conditions. All variables were normalised in 
the range [0,1], to ease comparison between the computed regression 
coefficients. 

In Table 2, all computed values are ordered for decreasing values of 
R-squared. 

4. Discussion 

Associations of current morphological classification with the 
thromboembolic risk is still debated [9,39,46,47]. Di Biase et al. [9] 
reported that patients with non-chicken wing LAA morphology were 
more likely to experience embolic events than those with chicken wing 
type. Lee et al. [39] suggested that LAA morphology was related to 
strokes and this relationship is partially associated with the change in 
size and flow velocity of the different LAA. In particular, they confirm 
decreased stroke risk for the chicken wing type, reporting an increased 
risk for the cauliflower type. Ren et al. [46] question current morpho-
logical classification, that is considered complex and confusing, whilst in 
their opinion essentially all LAA morphologies can be classified as 
windsock-like. Koskinas et al. [47] support the importance of LAA 
anatomic variability, especially to clinical and percutaneous procedure 
evaluation. 

The present study indicates no direct relationship between the 
common morphological class and fluid-dynamic conditions that can be 
associated with thrombosis (estimated on the basis of the wall SSR and 
BSF5). This is evident in Fig. 4, where the average wall SSR trend during 
the cardiac cycle is compared for models of the same class, both in sinus 
rhythm and AF conditions. In the 12 cases simulated in this analysis, the 
intra- and inter-class variabilities are comparable. 

Contour maps represented in Fig. 3 suggest that the presence of 
trabeculae, lobes and knees are associated with locally low values of 
SSR, especially in AF condition, with consequently higher propensity 
towards clot formation. 

Fig. 5. BSF values. (a) Sinus rhythm condition; (b) atrial fibrillation condition.  
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Fig. 5 clearly indicates that the presence of regions with SSR 
permanently below 5 s− 1 (BSF5) discriminates between healthy and 
pathological conditions, with sinus rhythm conditions securing in all 
cases some cyclic washing flow. In sinus rhythm, small BSF10 regions (5 
s− 1 < SSR < 10 s− 1) are observed in all models, although their extension 

is not always correlated with a corresponding risk in AF. 
The distribution of red areas (BSF5) in Fig. 6 confirms an association 

with the presence of lobes and, in particular, with trabeculations. The 
figure also shows that the initial LAA volume in the AF simulations 
enlarges compared to that in sinus rhythm. In fact, as under pathological 

Fig. 6. Risk maps. BSF5: red (high risk regions); BSF10: yellow (moderate risk regions); BSF>10: blue (low risk regions).  
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conditions the active atrial contraction is impaired, the muscle remains 
relaxed and can only expand under the effect of the physiological 
pressure. In the long-term, such mode of deformation might be a factor 
contributing to the remodelling of the LAA observed in persistent AF. 

Statistical analysis validates the use of the blood velocity at the LAA 
orifice as a good predictor of BSF5 (p-value = 0.0211, R-squared =
43%). 

However, the number of trabeculae, N, and the normalised stroke 
volume, V*, exhibit improved regression coefficients and increased R- 
squared (respectively 0.83 and 67% for N, − 0.65 and 51% for V*), 
resulting better predictors (respectively p-value < 0.01) than the LAA 
ostium velocity. The number of trabeculae has the highest prediction 
power (p-value = 0.0011), along with the normalised stroke volume in 
AF condition (p-value = 0.0088). These two parameters, albeit inde-
pendent (Pearson Correlation < 0.5, R-squared = 0.23, p-value > 0.05), 
represent two different forms of fluid-dynamics impairment. Trabecu-
lations, in normal conditions, are expected to participate to the LAA 
contractile dynamics. However, when active contraction is lost, they act 
as flow resistances, reducing at the same time the local compliance of 
LAA by constraining the opposite appendage wall that they connect. 
Hence, they can be seen as a descriptor of ‘local’ reduction in the 
washout flow. Similarly, lower normalised stroke volumes are associ-
ated with reduced flowrates entering and leaving the LAA, providing a 
‘global’ indication on the blood cleansing in the appendage. 

The independency of these two parameters also allows their combi-
nation to further improve the risk prediction, with the ratio N/V* 
(number of trabeculae divided by normalised stroke volume) providing 
an effective indication of the BSF5 (p-value 〈 0.001, R-squared 〉 74% and 
Pearson correlation > 86 %). 

Although this work improves the comprehension of the phenome-
non, some limitations have to be highlighted. In particular, mechanical 
characterisation of the tissue response was based on a single test 

performed on one pig’s heart. Also, the LAA wall thickness was assumed 
uniform and identical for all models, and the muscle anisotropy was 
neglected. Blood was modelled as a Newtonian fluid. Although this 
assumption is widely adopted, it does not capture the expected increase 
of viscosity in the stagnation regions, resulting in a potential underes-
timation of the thromboembolic risk. The absence of direct pressure 
measurements for each patient necessitated the adoption of stand-
ardised boundary conditions for the twelve models representing both 
sinus rhythm and atrial fibrillation. As discussed in the methods section, 
calibration of the boundary conditions was conducted using a single 
model and subsequently applied to all twelve models. Still, this pro-
cedure allows the comparability of the models by isolating their 
morphological features and ensuring the reproducibility of the meth-
odology. One-way FSI analyses were performed, assuming that the effect 
of the blood shear stress on the tissue deformation is negligible. Finally, 
in order to translate this model in the clinical practice, we anticipate that 
validation versus retrospective data will be performed. 

5. Conclusions 

This work analyses twelve patient-specific models belonging to 
different morphological classes to investigate the correlation between 
morphological and hemodynamic parameters and the thromboembolic 
risk in atrial fibrillation. The study is conducted by means of FSI nu-
merical simulations, comparing the flow distribution associated with 
sinus rhythm and atrial fibrillation conditions. 

A new parameter is identified as descriptive of abnormal levels of 
stagnation occurring during AF, and hence proposed to quantify the 
thrombosis risk. This, indicated as BSF5, is defined as the LAA surface 
area which permanently experiences levels of shear strain rate inferior 
to a threshold value set to 5 s− 1. 

The study suggests that the common morphological classification 
and the LAA volume have no direct association with the risk, whilst 
blood velocities at the LAA orifice are acceptable risk indicators. 

Still, regression and statistical analysis suggests that trabeculations 
and the normalised stroke volume have a more direct correlation with 
the risk, with their ratio providing a very good estimate. 

Introduction of these parameters descriptive of hemodynamic al-
terations aside current clinical criteria such as the CHADS₂ and 
CHA₂DS₂-VASc score, may improve stratification and support more 
informed clinical decisions. 
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Table 1 
Mean velocity at the LAA orifice (umean), LAA volume at the maximum expansion (Vmax), LAA volume at the maximum contraction (Vmin), LAA stroke volume (ΔV), 
normalised volume (V*), LAA flow rate (Q), normalised flow rate (Q*) in atrial fibrillation condition. The values within parentheses are related to the corresponding 
sinus rhythm condition.  

Morphologies umean Vmax Vmin ΔV V* Q Q* 
[cm/s] [mm3] [mm3] [%] [-] [cm3/s] [1/s] 

Chicken Wing 1 6.9 (8.9) 6260 (8824) 4990 (3506) 85 (161) 0.25 (1.52) 20.6 (33.9) 0.33 (0.38) 
Chicken Wing 2 4.7 (7.9) 5530 (7073) 4670 (3030) 58 (102) 0.18 (1.33) 13.5 (26.0) 0.24 (0.37) 
Chicken Wing 3 7.6 (10.9) 9150 (13,400) 7270 (5390) 89 (176) 0.26 (1.49) 30.5 (55.0) 0.33 (0.41) 
Cactus 1 9.4 (16.0) 8740 (13,057) 7060 (4781) 69 (153) 0.24 (1.73) 27.0 (60.5) 0.31 (0.46) 
Cactus 2 3.5 (6.5) 1930 (2276) 1700 (1096) 42 (68) 0.14 (1.08) 3.6 (7.2) 0.19 (0.31) 
Cactus 3 4.6 (8.0) 4170 (5589) 3460 (2204) 22 (118) 0.21 (1.54) 11.7 (24.9) 0.28 (0.44) 
Windsock 1 3.3 (7.1) 2248 (2768) 1939 (1173) 49 (83) 0.16 (1.36) 4.9 (12.2) 0.22 (0.44) 
Windsock 2 8.2 (13.1) 124,632 (1757) 9992 (8486) 95 (175) 0.25 (1.07) 40.8 (75.5) 0.33 (0.43) 
Windsock 3 4.5 (7.1) 1814 (2218) 1530 (985) 71 (109) 0.19 (1.25) 4.5 (8.0) 0.25 (0.36) 
Cauliflower 1 8.1 (11.1) 9339 (1399) 7323 (4706) 91 (186) 0.28 (1.97) 32.1 (66.5) 0.34 (0.48) 
Cauliflower 2 3.1 (5.6) 3321 (4040) 2914 (1980) 41 (71) 0.14 (1.04) 6.6 (12.9) 0.20 (0.32) 
Cauliflower 3 3.7 (8.1) 2435 (2930) 2137 (1310) 41 (70) 0.14 (1.24) 5.1 (12.8) 0.21 (0.44)  

Table 2 
Linear regression models and statistical results showing the correlation between 
the BSF5 factor and clinically measurable variables. All measures are evaluated 
in atrial fibrillation conditions. Rows are ordered from decreasing values of R- 
squared. Bold values indicate significative p-values.   

Pearson 
Correlation 

Regression 
Coefficient 

R-squared 
[%] 

P-value (t- 
test) 

Ntrabeculae 0.8182 0.838 66.95 0.0011 
V* − 0.7159 − 0.6538 51.25 0.0088 
Q* − 0.6739 − 0.5917 45.42 0.0162 
umean − 0.6537 − 0.602 42.73 0.0211 
Qmean − 0.5916 − 0.551 35 0.0427 
ΔV − 0.591 − 0.5404 34.93 0.043 
Vmax − 0.5311 − 0.5162 28.2 0.0756 
Vmin − 0.4855 − 0.4833 23.57 0.1096  
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Appendix 

FSI analysis details 
In this section, a comparison between one-way and two-way FSI approaches is reported. In particular, FSI partitioned analysis involves two 

separated domains for the structure and the fluid which are separated through FSI interfaces. Each domain is analysed through a specialised solver, 
whilst at the interfaces, solutions are shared. Two different FSI approaches can be distinguish: one-way and two-way. The one-way technique involves 
a unidirectional analysis where only the information of the structural domain (updated nodes positions and velocities) is shared with the fluid domain. 
On the other hand, the two-way approach is a bidirectional analysis, based on the mutual exchange of information between structural and fluid 
domains.

Fig. A1. Comparison between one-way (continuous line) and two-way (dashed line) approaches.  

Fig. A1 shows a comparison between one-way (black continuous line) and two-way (dashed black line) FSI approaches applied to the chicken wing 1 
model. In particular, the volume variation and the shear strain rate (SSR) were compared using the two schemes. Since there are no significative 
differences between the two techniques, one-way was chosen to perform simulations which allow to reduce computational efforts and calculation 
times. 

Fluid model details 
In this section a comparison between Newtonian and Casson models is reported. 
Although the rheological properties of blood exhibit a typical shear thinning behaviour, in this study the fluid was modelled as Newtonian. In order 

to verify the influence of this assumption, a non-Newtonian model typically used to describe the blood behaviour, the Casson model, was used for 
comparison. The fluid properties used to perform the simulations with the Newtonian and Casson models are reported in Table A1. Fig. A2 shows the 
comparison between Newtonian (continuous black line) and Casson (dashed black line), analysing the LAA volume variation and SSR. Since no 
relevant differences were noted and the Newtonian model allows to obtain more conservative results in terms of thromboembolic risk, the latter was 
used in the simulations.  

Table A1 
Fluid properties for Newtonian and Casson models.  

Option Newtonian model Casson model 

Yield Stress – 0.0038 [Pa] 
Viscosity Consistent – 0.0042 [Pa s] 
Density 1060 [Kg/m3] 1060 [Kg/m3] 
Dynamic Viscosity 0.0037 [Pa s] –   
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Fig. A2. Comparison between Newtonian (continuous line) and Casson (dashed line) models in terms of volume variation and SSR.  
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