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Abstract: The left atrial appendage (LAA) is a complex cardiovascular structure which can yield
to thrombi formation in patients with non-valvular atrial fibrillation (AF). The study of LAA fluid
dynamics together with morphological features should be investigated in order to evaluate the
possible connection of geometrical and hemodynamics indices with the stroke risk. To reach this goal,
we conducted a morphological analysis of four different LAA shapes considering their variation
during the cardiac cycle and computational fluid dynamics (CFD) simulations in AF conditions were
carried out. The analysis of main geometrical LAA parameters showed a huger ostium and a reduced
motility for the cauliflower and cactus shapes, as well as a lower velocity values from the CFD
analysis. Such findings are in line with literature and highlight the importance of coupling dynamics
imaging data with CFD calculations for providing information not available at clinical level.

Keywords: left atrial appendage; atrial fibrillation; computational fluid dynamics; image processing;
morphological analysis

1. Introduction

Atrial fibrillation (AF) is a condition affecting the normal sinus rhythm of the heart and it is strongly
related to the risk of strokes [1]. In this context, it was proven that the hemodynamics of the left atrium
(LA) and in particular the fluid dynamics characteristics of the left atrial appendage (LAA) play an
important role in the stroke risk determination [2]. In fact, especially in non-valvular AF patients with
contraindication to anticoagulation therapy, LAA is responsible for the formation of more than 90% of
thrombi which can yield to cardioembolic events [3]. Presently, LAA occlusion is a diffused treatment
strategy to reduce the migration of thrombi and the associated cardioembolic risk [4,5]. This procedure is
particularly challenging due to the LAA morphological and hemodynamics complexity [6].

The morphology of the LAA is quite variable and it is commonly classified into four main shape
classes: “chicken wing” (CW) (48%), “cactus” (CS) (30%), “windsock” (WS) (19%), and “cauliflower”
(CF) (3%) [7]. In non-valvular AF conditions, the normal contractility of LAA is reduced, resulting
in a high decreasing of velocity and, consequently, in a higher risk of clotting formation due to the
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hemostasis of the blood inside the LAA. Computational fluid dynamics (CFD) is turning out to be
a useful instrument to evaluate LAA hemodynamic indicators such as velocity patterns, vorticity,
wall shear stress and pressure [8–10]. The impact of AF on different LAA shapes hemodynamics was
recently investigated in [11] highlighting the influence of LAA morphology on the blood velocity
patterns although a quantitative assessment and correlation with geometrical features for the different
shapes is missing. The changes in LAA position and morphology during cardiac cycle due to the
LA motion are significant aspects to be considered in the LAA geometric evaluation [12]. Even if
there are few studies in the literature that analyze LAA geometrical features [13,14], to the best of
our knowledge the variation of relevant LAA geometrical parameters have not been yet investigated.
Hence, it is crucial to develop methods able to identify a correlation between morphological and flow
dynamics parameters to prevent thrombi formation.

This study aims to evaluate the dynamic of LAA geometrical indicators during cardiac cycle and
the related hemodynamics by developing a computational model able to perform an accurate LA and
LAA fluid dynamic analysis in order to investigate the correlation between LAA different shapes and
stroke risk.

2. Material and Methods

In this work the investigation of the LAA morphology and hemodynamics was conducted both
considering computer simulations and medical images analysis. An in-silico approach was adopted
to assess the fluid dynamics within the LAA for each main shape group in pathological conditions.
In addition, image analysis was conducted to verify the correlation between LAA morphological
parameters and fluid dynamics indexes. Despite the complex geometry of the LAA, in the present
study, the classification of LAA morphologies reported by Kimura et al. [15] was adopted.

2.1. Image Acquisition

ECG-gated computed tomography (CT) images from four patients who underwent LAA occlusion
were considered in this study. Each acquisition comprised 10 phases of the cardiac cycle (from 0% to
90%), for a total of 40 volumetric dataset. Patients were selected as clinical cases of relevant interest
from specialist doctors to cover the four different LAA shape groups (CW, CF, WS and CS). CT images
were acquired with a 320-detector scanner (Toshiba Aquilion One, Toshiba, Japan), using contrast
medium. Images were characterized by a dimension of 512 × 512 pixels with a bit depth of 16 and a
spatial resolution of 0.495 mm3.

2.2. Image and Morphological Analysis

For each dataset, all the phases of the cardiac cycle were segmented in the open source software
Slicer (www.slicer.org) [16] using a thresholding technique in order to obtain the 3D LAA geometries
(Figure 1a–d). Final patient-specific models consisted of the LA with respective LAA, the pulmonary
veins (PVs) and the mitral valve (MV) orifice.

Finally, each dataset was analysed with a specific VMTK-Python script in order to extract
morphological parameters of the LAA along the cardiac cycle, i.e., the LAA volume, the surface
of the ostium (Ao) (Figure 1e), the LAA centerline length C(s) and tortuosity [17]. In this work the
centerline calculation is traced from the points Po and Pt, where Po is the centroid of the surface of the
ostium and Pt is the tip of the LAA. To ensure that the final C(s) is central, its paths (s) is bound to run
on the Voronoi diagram of the model. In the case of more relevant tips in same LAA shape the longer
centerline was considered. For the calculation of the tortuosity Equation (1) was adopted:

T =
C(s)
PoPt

− 1 (1)

www.slicer.org
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Figure 1. Example of volumetric CT segmentation with axial (a), sagittal (b) and coronal (c) planes and
resulted 3D model (d). Identification of the area of the ostium (Ao) and of the centerline C(s) from Po,
where Pt (e).

2.3. Numerical Simulations

CFD analysis of the four patient-specific cases were carried out in a dynamic regime. ANSYS
Fluent (ANSYS Inc, Canonsburg, USA) was used to solve the Navier-Stokes governing equations of
the fluid. The CT images belonging to the mid-diastolic phase of the cardiac cycle (equivalent to 60%)
were used to build the numerical models of the four cases.

Following sensitivity mesh-analysis, a volumetric grid with tetrahedral and hexahedral elements
was generated for all the models. Final meshes counted 2,362,103 elements for the chicken wing model,
3,964,963 for the cauliflower model, 1,932,011 for the windsock model and 4,218,847 for cactus model.
Hexahedral elements were used along the wall of the models, where a 5-layers inflation was generated.

To take into account for the opening and closure actions of the valve during the cardiac cycle,
a transient velocity outflow condition was assigned to the MV orifices. Following this strategy,
the closure period of the MV, i.e., the ventricular systole, was simulated when a null velocity occurred,
while the non-zero velocity values corresponded to the passage of the blood flow during the ventricular
diastole, i.e., when the valve is open. A velocity profile representative of the atrial fibrillation (AF)
condition was imposed at the MV section [18], while a transient pressure profile was assigned at the
PVs (Figure 2). The pressure profile was generated based on a custom script taking into account for
the MV velocity and the physiological pressure range of the LA (5-13 mmHg) during the cardiac cycle.
The wall was assumed as rigid with no-slip condition.

Figure 2. CFD model of LA with LAA, PVs and MV, including inflow pressure boundaries
(marked in red) and velocity outflow boundary (marked in blue) (a). PVs inflow pressure and MV
outflow velocity curves during cardiac cycle (b).
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The blood was treated as Newtonian and incompressible, as widely accepted to model blood in
cardiovascular problems [8–11,14,19,20] with a density of 1060 kg/m3 and a viscosity of 0.0035 Pa s.
A laminar model was implemented based on the calculation of the Reynolds number [11].

All the simulations were run for four cardiac cycles, with each cardiac cycle lasting 0.8 s, to allow
the full development of the flow. The time domain was discretized with a time step of 0.005 s.
The hemodynamics analysis was performed in the last cycle to avoid the inclusion of nonlinear
start-up effects.

CFD simulations were evaluated in terms of velocity fields. Velocity and pressure patterns were
visually analysed to assess the correct implementation of the atrial flow direction. In particular, velocity
fields were analyzed in the LAA portion of the four cases. Three planes of analysis were created,
corresponding to the ostium plane, a middle plane and a distal plane, and the mean through-plane
velocity was computed.

3. Results

3.1. Image and Morphological Analysis

The resulted 3D models of the four representative cases are shown in Figure 3. According to
the international classification, LAAs are classified into the following four types: (i) “chicken wing”,
a >4-cm-long main lobe with a folded angle of <100◦ (Figure 3a); (ii) “cauliflower”, a <4-cm-long main
lobe with no forked lobes (Figure (Figure 3b); (iii) “windsock”, a main lobe >4 cm long with a folded
angle of >100◦ (Figure 3c); (iv) “cactus”, a <4-cm-long main lobe with more than two lobes over 1 cm
(Figure 3d).

Figure 3. Example of 3D models for each LAA morphologies: Chicken wing (a), Cauliflower (b),
Windsock (c) and Cactus (d).

For all the patients, the reconstruction of all the cardiac phases was feasible. Figure 4 shows the
geometrical variation of the LAA models along the heartbeat.

Figure 4. Shape variation over the ten phases of the cardiac cycle for all the LAA morphologies.

The calculated morphological indexes along the cardiac cycle are reported in Figure 5 for all the
four morphologies, in terms of boxplots.
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Figure 5. Boxplots of volume (a), ostium area (b), centerline length (c) and tortuosity (d) measurements
of LAA morphologies over a cardiac cycle.

3.2. CFD Analysis

CFD models were successfully implemented and all the solutions reached convergence. Velocity
patterns were analyzed to qualitatively and quantitatively assess the perfusion of the LAAs along the
cardiac cycle. Figure 6 shows the velocity streamlines for all the models in two selected time instants,
i.e., at velocity peak (t1, when the valve is open) and at the end of the cardiac cycle (t2, when the valve
is closed and the fluid is circulating within the LA). Details of the velocity fields for all the four LAA
shapes are showed in Figure 7, in which three particular time instants are depicted, i.e., before the
velocity peak (t0), at the velocity peak (t1) and after (t2). Volume cells with a velocity values below
0.001 cm/s were highlighted in Figure 8, reporting also the percentage volume with extremely low
velocity for each LAA shape. A quantitative analysis of the velocity trend along the LAA, from the
ostium of the distal tip, was performed (Figure 9).

Figure 6. Velocity streamlines of each LAA morphology, i.e., CW (a,e), CF (b,f), WS (c,g) and CS (d,h)
with the respective LA at t1 time (a–d) and at t2 time (e–h) of the cardiac cycle in terms of MV velocity
profile (i).
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Figure 7. Velocity fields of the four LAA shapes, i.e., CW (a,e,i), CF (b,f,j), WS (c,g,k) and CS (d,h,l) at
t0 time (a–d), t1 time (e–h) and t2 time (i–l) of the cardiac cycle in terms of MV velocity profile (m).

Figure 8. Velocity field for a specific plane with overlapped volume cells presenting a velocity value
below 0.001 cm/s for CW (a), CF (b), WS (c) and CS shape (d).

Figure 9. Flow velocity at three different planes: ostium section (S1), mid section (S2) and distal tip
section (S3).
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4. Discussion

In this study, we assessed the influence of the LAA morphology and hemodynamics on the stroke
risk in patients affected by non-valvular AF condition. Regarding the morphological features, currently,
there is a strong necessity to understand the anatomical properties of the LAA during the cardiac
cycle. This effort arises from a twofold need: from one side, to stratify the risk of LAA thrombus
formation in AF patients, and, on the other hand, to develop new percutaneous closure procedures.
Previous studies have demonstrated the alterations in shape, size and contraction patterns of LAA in
AF condition by using different imaging techniques [12,21–23].

In the work presented here, the LAA morphological parameters were analysed along the entire
cardiac cycle by using ECG-gated CT images, as several studies have assessed the correlation between
image-based variables with increased risk of stroke in AF patients [24–26]. The processing of CT
images in all the phases of the cardiac cycle allowed to highlight the main differences between patients
in terms of motility of the respective LAA. Figure 4 allows qualitatively notifying the changes of all the
LAAs along the cardiac cycle. The quantitative analysis of the LAA volume, ostium area, centerline
length and tortuosity is shown in Figure 5, where it is possible to verify the considerable variability of
the analyzed morphological parameters among different LAAs and within the cardiac cycle. Starting
from the LAA volume analysis (Figure 5a), the CS shape resulted in being the biggest and with more
variability, while the CW and the CF morphologies were small and characterised by low expansions
during the cardiac cycle. For the ostium area quantification (Figure 5b), the trend was different and
CF and CS cases showed a huger ostium than CW and WS shapes. This result may suggest that
CF and CS morphologies presented low flow velocities, as a big ostium is usually related to blood
stagnation and thus a higher risk of thrombi formation [27,28]. On the other hand, the analysis of
centerline variation (Figure 5c) along the cardiac cycle confirmed such scenario, where CF and CS
shapes presented a low length as well as a low variability suggesting a reduced LAA motility. Finally,
the tortuosity analysis (Figure 5d) showed that the CW morphology presented the highest value
and the highest variability, which reflect the high curvature of the shape as appreciable in Figure 4.
Centerline length and tortuosity trends of the LAAs for all the ten phases of the cardiac cycle (0–90%)
are depicted in Figure 10, where values were calculated as percentage variation in respect to the 30%
phase, i.e., when the atrial systole occurs. As we can see, the CF and CS shapes are characterised
by a high value of tortuosity variation (about 30%) associated with a low centerline length variation
(<10%). According to Equation (1), the combined effect of these two parameters produce a bending
phenomenon, potentially suggesting an augmented risk of thrombus dislodgement and migration.
The WS shape presented instead a slightly higher centerline and tortuosity values (Figure 10c) than
the more critical CF and CS morphologies. This combined behaviour reduces the bending effect and
potentially the risk of thrombus dislodgement. The CW shape resulted in being the less risky as
centerline length variation were higher (Figure 10a), indicating a constant washout of the LAA during
the cardiac cycle. The tortuosity variation for this model maintains a low value (<20%).

The CFD analysis showed similar global velocity fields for the four studied cases (Figure 6).
Locally, very low velocities were found in the LAAs in respect to the global scale (Figure 7). This trend
is in line with previous CFD studies [11,14]. Considerations of specific planes for each LAA (Figure 9a)
allowed a shape-specific velocity analysis showing how differently the blood flow decreases from the
ostium to the tip (Figure 9b). In particular, while CW and WS shapes showed relatively high velocities
at ostium level, rapidly decreasing in the middle planes, CF and CS morphologies were characterized
by an overall low velocity, especially for the CS case. Such condition may indicate a higher probability
of blood stagnation and thus a major probability of thrombi formation. Furthermore, the CF and CS
analyzed shapes present a high number of lobes (10 and 9 respectively) in respect to CW and WS
(5 and 3). Recent study has demonstrated that there is a significant correlation between the number of
lobes and the risk of thromboembolic events [29]. Reasonably, the formation of a small thrombus is
higher than a big one. In this vein, in Figure 7, the volume representing the cells with extremely low
velocity (<0.001 cm/s) was found to be higher in the cases of CW (Figure 8a) and WS (Figure 8c) in
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respect to CF (Figure 8b) and CS (Figure 8d). Nevertheless, the volumes of CF and CS shapes appeared
as composed of several small sub-volumes located in the lobes (Figure 8b–d).

Figure 10. Variation of centerline and tortuosity indices at each phase of cardiac cycle for CW (a),
CF (b), WS (c) and CS (d) shapes with respect to the systolic phase (30%).

The few CFD studies available on this topic [13,14] focused on the correlation between the
flow simulation and the LAA morphologies only at a single instant of the cardiac cycle. Most of
previous segmentation approaches were based on 3D rotational angiography [13,30] or standard CT
technique [14], thus focusing on a static model for their morphological analysis. With respect to the
previous works, we analyzed all the phases of the cardiac cycle.

The main finding of this work is that analysis of morphological and CFD results are consistent,
since both image-based and computational strategies focus the attention on the CF and CS LAA shapes
for stroke risk. On one hand, imaging elaboration highlighted a bigger ostium, which was already
identified in the literature as a high risk factor for AF patients [31]. Moreover, a reduced motility for the
CF and CS shapes in respect of CW and WS cases was found, as well as a higher number of lobes which
may be representative of suitable sites for thrombi generation. On the other hand, CFD post-processing
showed for CF and CS shapes relatively very low velocities in proximity of lobes, again supporting
that these two morphologies could be more prone to develop thromboembolic events, as in accordance
with clinical reports [24].

Our approach can be further improved. Obviously the clinical problem we are facing is very
complex, as an interchangeable conditioning effect between the LA and the LAA shapes and both
effects can be hypothesized and should be considered. Moreover, future developments will be focused
on considering a larger number of patient-specific LAAs in order to fully investigate its wide anatomical
variability and increase the statistical relevance of the study.

However, the investigation on the correlation between ECG-gated CT volumetric datasets along
the cardiac cycle and CFD analyses is novel, as similar studies only considered single-phase CT
datasets. However, the assumption of rigid wall in the numerical simulations could be strong,
especially when it was verified from imaging analysis that the motility of the LAAs is not negligible.
More complex strategies will be adopted to overcome such limitations, in order to take into account
for the wall movements.
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5. Conclusions

In this work, image elaboration and computational tools were used to assess the risk of thrombi
generation in patients affected by non-valvular AF condition. Four cases representative of the main
LAA shape groups were selected and investigated. The novelty of the study resides in the dynamical
analysis of CT images along the cardiac cycle, which provided additional information to be coupled to
computational analysis for the understanding of clots and thrombi generation. Both strategies indicated
CF and CS shapes as being the more risky to generate clots, in accordance with literature. The workflow
presented here should be further enhanced to assess more deeply the LAA hemodynamics and the
related stroke risk, in order to prevent thromboembolic events and potentially increase the effectiveness
of percutaneous interventions.
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Abbreviations

The following abbreviations are used in this manuscript:

AF Atrial Fibrillation
LA Left Atrium
LAA Left Atrium Appendage
CW Chicken Wing
CS Cactus
WS Windsock
CF Cauliflower
CFD Computational Fluid Dynamics
CT Computerised Tomography
PV Pulmonary Vein
MV Mitral Valve
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