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Atrial Fibrillation (AF) is a cardiac disease altering the human heart rate. It is posing an increasing burden to
society, with complications that lead to stroke and ischemic events from thromboembolisms, originating in the
left atrial appendage (LAA). Percutaneous LAA occlusion (LAAO) is becoming an increasingly adopted preventive
treatment option due to its minimally invasive nature. However, this treatment faces complex challenges: the
heterogeneity of LAA morphologies limits the pre-operative planning and several procedures are associated with
peri-device leakage from malposition and device-related thrombi. One of the two most commonly deployed
LAAO devices (LAAODs) is the Amulet Amplatzer (AA), a mesh-like pacifier device. In-silico models have
demonstrated their potential to serve as supporting tools for clinical planning, providing insight able to enhance
the efficacy and safety of the intervention. Most of the computational studies approximate the AA to a closed
surface model. In this work, we aimed to develop a more realistic and detailed structural model of the AA,
capturing the mesh of wires. Experimental tests on the physical device were conducted to compare the behaviour
of simplified closed surface models and the newly developed braided geometry. The results have demonstrated
how closed surface models of the AA fail to capture the real deformation mechanism of the physical device.
Conversely, the more realistic braided characterisation mimics more closely the changes in shape of the physical
AA, by capturing the change in angles of the wires. Finally, the virtual deployment of the intertwined model into
a patient-specific LAA resulted in a configuration similar to the clinically implanted AA.

1. Introduction [5,6]. Therefore, AF has already become a 21st-century cardiovascular

epidemic [7-9], and its management is a serious public health concern.

Atrial Fibrillation (AF) is a cardiac arrhythmia where the coordi-
nated contraction of the atria is altered by irregular electrical activity of
the heart [1]. It increases with age, with valve disease, and in frequency
over time. The worldwide prevalence of AF has increased by 33.5
million since 2010 and, according to the Global Burden of Disease 2019
Study, 59 million people were estimated to live with AF in 2019 [2-4].
With an ageing population and improvement in diagnostic techniques,
the prevalence of AF is expected to rise substantially in the next decades

Recent studies have shown that non-valvular AF is an independent risk
factor that increases the reoccurrence of thromboembolic events by 4-5
folds, with over 90 % of the thrombi originating in the left atrial
appendage (LAA) [10-12]. The LAA is a protruding finger-like structure
and remnant of the embryonic left atrium [13]. It has greater compli-
ance than the rest of the left atrium and, under sinus rhythm, performs
active contraction to regulate left atrial pressure [14,15]. In contrast, in
AF, the LAA contractility and blood flow velocity within are reduced
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c. Braided Model

Fig. 1. (a) Illustration of the physical AA; (b) illustration of the equivalent closed surface model; (c) illustration of the braided model.

[16,17]. This altered haemodynamics condition favours blood stasis
and, consequently, the formation of thrombi [18]. Therefore, mitigation
of thromboembolic events is crucial as strokes due to AF lead to
disability or death in 70-80 % of cases [19,20].

The most adopted preventive thromboembolic stroke treatments for
the LAA are the prescription of anticoagulants, surgical LAA exclusion
and percutaneous LAA occlusion (LAAO) [21]. Whilst anticoagulant
therapy remains the gold standard, it presents significant disadvantages:
the daily administration of medication and associated costs, and the
increased risk of bleeding complications. As a result, up to 50 % of AF
patients are deemed ineligible for this therapy [22-27]. Surgical LAA
exclusion is highly invasive, usually performed concomitant with mitral
valve surgery and with a variable success rate [28,29]. In 2018,
following a systematic review of the relevant clinical studies, the Na-
tional Health Service (NHS) in England published a clinical commis-
sioning policy to support routine LAAO where the oral anticoagulant is
contra-indicated [30]. LAAO is a minimally invasive procedure [31],
where an occluding device is inserted via a delivery sheath or catheter
usually through the femoral vein, followed by a transseptal puncture at
the oval fossa to reach the LAA ostium [32]. Imaging techniques such as
transoesophageal echocardiography or computed tomography are
commonly adopted to inspect the LAA and take key measurements
needed to select the most suitable size of the LAAO device (LAAOD) [32,
33]. Then, the catheter, containing the crimped LAAOD, is advanced
into the implant zone. Once the delivery system is positioned and ori-
ented suitably, the device is deployed and adjusted until the clinician is
satisfied with the device’s location and anchoring; finally, the LAAOD is
released from the delivery system. Due to its minimally-invasive nature,
LAAO is reported to be associated with shorter operational time, shorter
hospital stays and faster recovery over the surgical exclusion of the LAA
[34-37].

Yet, the technique to deploy LAAODs is not trivial and, can be
associated with major complications. Pre-procedural planning often
involves measurements of the highly heterogeneous LAA morphology,
which can be challenging when relying on two-dimensional images
[38]. Post-procedural issues include peri-device leakage and late
device-related thrombosis. Hence, there is room for improvement for
LAAOs planning to improve adoption, treatment delivery and outcomes
[39,40].

Computational modelling approaches, such as the Finite Element
(FE) method, have shown significant potential as supporting tools, to aid
clinicians in the selection of occluders, prediction of deployment landing
and minimising peri-leaks from device malposition [41].

The most implanted LAAODs are the Watchman (Boston Scientific,
Marlborough, MA, USA) and the Amulet Amplatzer (AA) (Abbott,
Abbott Park, IL, USA) [42,43]. Whilst there have been more than a
dozen different computational studies of the Watchman to aid
pre-procedural planning [32,39,44-52], fewer in-silico studies are
available in the literature about the AA [45-47]. Most of these focus on
the haemodynamic conditions established in patient-specific LAAs after

virtual LAAOD implantation, avoiding the accurate modelling of the AA
structural response needed to simulate the full implantation procedure.
Aguado et al. conduct fluid flow analysis around virtually implanted AA,
modelled as a closed surface geometry, without validation of the
deformed configuration in the patient-specific LAA [47]; more detailed
structural features were considered by Zhong et al., where only the disc
of the AA was modelled by Nitinol beam elements neglecting the real
mechanical structure of the rest of the device [45]. Bavo et al. present a
structural analysis of the AA, although details on the key approaches at a
modelling level of the device are not provided [46].

The urgency of well-defined computational structural LAAOD
models is stressed by the recent outcomes of the Amulet IDE Trial: the
largest randomised control trial to evaluate the safety and effectiveness
of the two most adopted occluders. This showed that the AA is non-
inferior to the Watchman in terms of primary safety end-point and
that LAA occlusion was higher for the Amulet occluder than for the
Watchman device. Despite procedure-related complications seemed to
be higher for the AA, mainly due to operator experience, device embo-
lisation and pericardial effusion [53-55], the AA is known to provide
more flexibility in terms of deployment techniques, allowing the sand-
wich and the thrombi trapping methods [8,33,56]. The latter has shown
the potential to expand the adoption of the AA further to include pa-
tients with LAA thrombus, who were formerly considered unsuitable for
LAAO [8,56].

In this context, this work aims to provide a pipeline for the
minimally-invasive virtual deployment of a model describing more
realistically the implantation of the AA into the LAA, to create a sup-
porting tool for patient-specific planning that enhances LAAO proce-
dural efficacy and safety. While advancing on the structural limitations
of the above-mentioned computational studies of the Amulet occluder,
this work highlights the need for more detailed modelling of devices by
comparing the status quo closed surface model with a braided one of the
AA and validating the models against experimental data. Subsequently,
an in-silico pipeline for the deployment of the AA into a patient-specific
LAA is simulated and validated against retrospective post-operative
clinical data.

2. Methods
2.1. Device model

The AA is a self-expandable LAAOD composed of 144 interwoven
Nitinol wires joined at the two extremities by two end screws/plugs and
thermoset to form an anchoring lobe and an occluding disc, connected
through the neck (Fig. 1a). The lobe and the disc host haemostatic
polyester patches. Stabilising wires are attached to the lobe to enhance
anchoring. Upon deployment in the LAA, the lobe expands into the LAA
preventing device migration, aided by the stabilising wires. Meanwhile,
the disc covers the LAA ostium at the atrial side with the polyester patch,
preventing thrombus embolisation. Since the structural behaviour of the
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Table 1
Key measurements of the reconstructed AA, corresponding to the AA of size
25.

Key Variables Mean measurements (mm)
Wire diameter, ¢y, 0.10
Disc diameter, ¢p;. 31.70
Lobe diameter, ¢; . 24.78
Lobe height, hyope 9.83

frame is essentially provided by the interlaced Nitinol wires, for this
study, only the braided frame of the device is modelled. The geometry of
the AA was generated in the Computer-Aided Design (CAD) software
Rhinoceros (7.0, Robert McNeel, Seattle, WA, USA), based on the online
AA sizing chart and measurements taken from the physical device,
corresponding to the AA of size 25 [57]. An equivalent closed surface
model of the device, similar to the configuration described in previous
studies [46,47], was also generated, as shown in Fig. 1b. Ultimately, a
more detailed model including each wire as a continuous beam structure
was created (Fig. 1c). The dimensions of the main geometric parameters
are noted in Table 1.

2.2. Finite element model

Both reconstructed geometries were imported in Abaqus 2019
(Dassault Systemes Simulia Corp., Providence, RI, USA). For the braided
model, the interwoven wires were discretised by tied B32 beam ele-
ments with an average element size of 0.55 mm and a circular cross-
section of 0.1 mm, based on physical measurements (Table 1), leading
to a mesh size of 24k elements. The material used for the wires is Nitinol,
a super-elastic Ni-Ti alloy whose properties depend on the exact
composition, the thermomechanical processing and the working tem-
perature [58,59]. Since in the operating condition (after expansion in
the body) the material essentially works in the Hookean austenitic
phase, it was modelled as isotropic linear elastic. The Young’s Modulus
was calibrated based on experimental tests performed on the physical
device, as described below. The Poisson’s ratio was set equal to 0.3,
based on the literature [39]. The proximal and distal extremities of the
device were connected by a set of B31 beam elements, with a Young’s
Modulus of two orders of magnitude greater than the B32 elements, to
mimic the higher rigidity of the end screws/plugs. The braided device
was simulated in Abaqus/Standard with the implicit method with a
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minimum time increment 1E-07 s. The intertwining was simulated by
imposing tie constraints between couples of nodes, specifically posi-
tioned at the intersections between the beams defining the wires. At
these ties, only the relative rotation of the connected pair of beams is
allowed, while the relative linear displacements between the beams are
completely restricted. This allows to approximate the real deformation
mechanism, avoiding the need to model the contact among wires, as in
[60], which strongly increases the computational cost of the analyses.

On the other hand, the closed surface model consisted of shell ele-
ments S4R (4-node quadrilateral, reduced integration) with an average
element size of 0.16 mm and a thickness of 0.1 mm as per the wire’s
diameter dimension. The total mesh size was 41k elements. To achieve
the same initial flexural rigidity of the real device, Young’s modulus
value was adjusted after the calibration of the linear elastic modulus of
the braided model; the Poisson ratio was set to 0.49. Differently from the
braided model, the FE solver Abaqus 2019/Dynamics Explicit (Dassault
Systemes, SIMULIA Corp., USA) was implemented for the shell model. In
fact, explicit formulations are more suitable for handling the large
deformation, the local instabilities, and the complex contact issues that
characterise the crimping process for this model [45,46]. The ratio of
kinetic to internal energy was kept below 5 % throughout the simula-
tion, and the time increment was similar to that adopted for the implicit
method.

2.3. Model calibration and validation

An in-vitro tension test was set up to calibrate the Young’s Modulus
of the material models in Abaqus and to validate the deformation
mechanism of the two computational models. The physical AA device
used to extract the model’s dimensions was mounted on the ZwickiLine
tensile testing machine (ZwickRoell GmbH & Co. KG, Ulm, Germany)
with a 0.5 kN load cell via double-ended pin vises. Tests were performed
inside a water bath set at body temperature (37 °C) to mimic the me-
chanical properties of the device when deployed into the patient’s LAA.
The lobe end was fully fixed at the bottom, whereas the disc end was
connected to the moving end cross-head of the machine. The cross-head
was displaced upwards by 60 mm at a speed of 1 mm/s and returned to
its initial position at the same speed while ensuring that the water
temperature stayed within 37 + 1 °C for the entire duration of each test
(Fig. 2a). Force-displacement data were recorded at a fixed frequency of
400 kHz [61]. To ensure the repeatability of the experiments, tests were
replicated three times, and the average curve was utilised for

Disc End: {u"'uy'uxy' Uxz) Uyz = 0}

u; = 60 mm

Lobe End:{uiy, Uy, Uy, Uy , Uz, Uy, = 0}

Fig. 2. a) Experimental and b) numerical set-up of the tensile test; only the braided model is represented, but the same conditions were imposed on the equivalent

shell model.



R.I Md et al.

MK
MK
OO

OO0
XK

SOOOOOAK
OO

SEsssseEsnes == = SSESS

Fig. 3. Illustration of the set-up for the virtual radial test of the AA inside the
concentric cylindrical surface.

comparison. To reproduce the experimental condition, the lobe end of
the numerical models was fully restricted in all six degrees of freedom
and the disc end was translated axially by 60 mm during loading and
unloading (Fig. 2b). The linear elastic Young’s Modulus of the model
was adjusted accordingly to minimise the deviation from the experi-
mental loading and unloading curves. After calibrating the Young
Modulus of the computational models to achieve the same response to
longitudinal loading, the radial mechanical response of the selected
virtual model was determined and compared with experimental results
reported in the literature [62]. An analytical cylindrical surface of a
diameter larger than the lobe was positioned concentrically to the de-
vice, setting the contact only with the lobe elements (Fig. 3). Then, its
diameter was gradually decreased, thus compressing the lobe of the AA
in the range reported in the instructions for use [63]. The radial force
was monitored for every 0.5 mm of diameter reduction.

2.4. Patient-specific anatomy reconstruction

In collaboration with the Royal Papworth Hospital NHS Foundation

Pre-Operative Scan

Post-Operative 3D Geometry
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Trust, Cardiac Computed Tomography Angiography (CCTA) for a single
AF patient was acquired before and 6 months after LAAOD implantation
with an AA of size 22 (corresponding to a lobe diameter of 22 mm and a
disc diameter of 28 mm). The dimensions of the images were 512 x 512
pixels, with a pixel size of 381 pm x 381 pm and a slice thickness of 750
pm, acquired with the Siemens Somatom Force (Siemens Healthcare
GmbH, Erlangen, Germany). The CCTA scans were imported into the
commercial post-processing software Mimics (Materialise, Materialise
Inc., Leuven, Belgium) as Digital Imaging and Communications in
Medicine (DICOM) (Digital Imaging and Communications in Medicine)
files. The 3D geometric surface of the full left atrium was reconstructed
for both scans from previously adopted manual segmentation protocols,
consisting of thresholding and region-growing techniques [64-66].
Next, the implantation site was discretised into triangular elements in
3-Matic (Materialise Inc., Leuven, Belgium).

For computational efficiency, a triangulated mesh with an average
elements edge length of 0.5 mm was computed for the LA and LAA,
whilst the pulmonary veins and mitral valve were cut and replaced with
planar open surfaces, as shown in Fig. 4 [67]. Consequently, the 3D
reconstructions of the two scans were registered using the LAA ostium
plane as a reference. This was necessary to infer the positioning and
orientation of the AA with respect to the LAA, which is not visible in the
post-operative reconstruction since the blood pool is stagnated around
the AA.

2.5. Virtual deployment into patient-specific anatomy

A braided beam model of the specific AA used in the implant (i.e. size
22 mm) was generated starting from the AA 25 mm model, modifying
the dimensional parameters defining the nominal dimensions to match
the dimensions specified in the instruction for use manual and from the
manufacturer’s website for the relevant size [63]. Consequently, a nu-
merical pipeline was developed, consisting of three steps.

1) Positioning: The manually registered reconstructed scans are im-
ported into the Abaqus Assembly Module as three separate parts.
Translation and rotation are applied to the three parts so that the
virtual beam model of the AA sits in the landing zone of the pre-
operative LAA geometry. These criteria are implemented to mimic
the initial position of the AA adopted by the clinician at LAA ostium.

Pre-Operative 3D Geometry

\

Manually Registered

Geometries

Fig. 4. Reconstruction of patient-specific pre- and post-operative scans.
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Young’s Modulus of the Nitinol at 37 °C.

2) Crimping: The catheter sheath containing the crimped AA is modelled
as arigid hollow cylinder of 4 mm diameter and 100 mm length, with
a flared funnel inlet to account for the rim of the physical sheath and
to facilitate crimping. The loading is simulated by keeping the de-
livery tube completely stationary in all its displacement degrees of
freedom whilst pulling the AA disc hub axially to fully insert the
device in the tube and restricting the other displacement degrees of
freedom. The patient-specific reconstructed parts from the registra-
tion are deactivated parts in this step of the simulation.

3) Releasing: The pre-operative LAA wall is activated at this stage and
modelled by S3 elements with a thickness of 2.1 mm and with a
linear elastic modulus and Poisson ratio of 1.5 MPa and 0.49,
respectively [32,68]. A general contact algorithm is defined between
the pre-operative LAA wall and beam elements of the AA, with hard
normal contact and a friction coefficient of 0.1 [69,70]. As per the
instruction for use manual of the AA [63], “Releasing” occurs in two
phases: firstly, an axial displacement boundary condition at the disc
end is applied until the lobe of the AA is completely pushed out of the
delivery system; subsequently, the catheter is pulled back axially
relatively to the device to allow the disc of the device to expand out
of its crimped configuration and recoil back elastically. In both
phases, a circumferential set of nodes on the LAA ostium was
restricted from rotating and moving axially.

3. Results
3.1. Model calibration and validation

The force-displacement data and frame-by-frame deformation were
compared for the numerical and experimental tests.

From Fig. 5, it can be noticed that the experimental curve shows
some hysteresis during the loading-unloading cycle. A trade-off curve
was selected at E = 102.5 GPa where the root mean squared error was
7.5 % and 8.0 % with the loading and unloading experimental curves
respectively, up to 60 mm of displacement. This Young’s Modulus value
was utilised for the subsequent numerical simulations of the braided
model. After calibrating the device’s material, both numerical models
were compared to the experimental tests. The flexural rigidity of the
shell model was set to have the same response as the braided one at the
unloaded configuration. Hence, the shell force-displacement curve
started with the same slope as the braided model but deviated after the
first millimetre of deformation (Fig. 5). Beyond 27 mm of displacement,
the forces predicted by the shell model increased dramatically,
exceeding the experimental curve by several orders of magnitude. The
tensile tests for the braided and the closed surface models were run on
Intel Xeon Gold 6248 with 2.5 GHz processors using 16 cores and 16 GB
of RAM, and required 28 min and 52 h, respectively.

Computers in Biology and Medicine 192 (2025) 110355
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Fig. 6. Deformation mechanism of the physical AA, braided and shell models at
a) 15 mm displacement; b) 30 mm displacement; ¢) 45 mm displacement; d) 60
mm displacement.

Key deformation frames reveal that the shell model experiences
significant distortions during loading compared to the corresponding
physical model. The applied displacement produces local instabilities
resulting in folds on the disc during the initial stages (Fig. 6a). Then, a
reversal of curvature in surfaces connecting the lobe cylindrical surface
to the hub and neck (Fig. 6b) is observed, followed by folds forming in
the lobe (Fig. 6¢). Ultimately, a heavily creased, crimped configuration
is reached between 55 and 60 mm of displacement, when the physical
device still shows a semi-expanded configuration (Fig. 6d). Conversely,
the braided model more accurately replicates the shape changes
observed in the physical AA during loading (Fig. 6a-d).

Moreover, while the braided model returns to its original configu-
ration when released, in the case of the shell model, the local instabilities
experienced during crimping lead to unloaded equilibrium
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Fig. 7. Illustration of the radial stiffness of the virtual braided model.

configurations that are characterised by the presence of residual stresses
and are different from the original.

Hence, the shell model resulted unsuitable to simulate the virtual
patient-specific implantation, which was performed with the braided
model only.

After selecting the braided computational model, its mechanical
response was validated in the radial direction. Simulations indicate an
increase in the measured radial force by 1 N for every 1 mm reduction in
the landing zone diameter (Fig. 7). This well replicates the behaviour
obtained by Menne et al. from experimental radial loading tests per-
formed on a segmented head apparatus, at 37 °C [62]. This response was
independent of the size of the AA.

3.2. Virtual deployment into patient-specific anatomy

Fig. 8 depicts the release of the AA in the patient-specific LAA from
its crimped configuration (Fig. 8a). The interaction with the LAA causes
the lobe of the AA to deform at an angle with respect to its disc, affected
by the LAA’s morphology, rigidity and thickness (Fig. 8b and c). During
the retraction of the catheter, the disc recoils back elastically and covers
successfully the LAA ostium, as per its intended use (Fig. 9). A relative
angle between the lobe and the neck of the device and the thickening of
the disc when in contact with the LAA wall are obtained, which well
replicate the AA implanted in the patient’s LAA (see Fig. 9).

The maximum strain was observed to be 0.5 % in its operating
condition (i.e. the expanded configuration in the patient’s anatomy),
which is well below the typical phase transformation strain (from
austenite to martensite) of the material, which for this type of applica-
tions is commonly reported in the range of 1 % [71]. This confirms the
validity of a linear elastic model for the analysis of the working
condition.

The numerical pipeline was completed in about 62 h with Intel Xeon
Gold 6248 2.5 GHz processors using 16 cores and 16 GB of RAM.

4. Discussion

In this work, the model of the mesh-like AA has been created and
compared with experimental tests on a physical device and with a state-
of-the-art closed surface virtual model; then, it was deployed in a virtual
patient-specific LAA to mimic the minimally invasive procedure, aiming
to create a digital twin supporting tool for tailored therapy planning and
to enhance the treatment’s safety and efficacy.

Starting from measurements of the AA, a braided geometry was
reconstructed alongside an equivalent surface closed model, represent-
ing the most common approach adopted in past studies [45,47]. In-vitro
tests were carried out for calibration of the device’s material, performed
at the operating temperature of the AA inside the LAA. Larger deviations
from the experimental data are noted at high displacement values,
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Fig. 8. Deployment of the AA in the LAA a) crimped AA; b) AA interaction with
LAA; c) lobe expansion; d) disc apposition.

which would require a more detailed material model definition than a
linear elastic one, able to describe the stress-induced phase trans-
formation associated with the super-elastic behaviour. Nevertheless,
given that for the typical post-implant operating conditions of the AA are
associated with strain levels below the upper transformation plateau (a
maximum oversizing of 30 % is recommended by the manufacturer)
[71], the linear elastic material model was deemed reasonable.

During the validation of the model, it was shown that, despite having
the same initial flexural rigidity (Fig. 5), the shell model quickly be-
comes far more rigid exhibiting higher forces for the same displacement
compared to the braided model. To undergo large deformations, the
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Fig. 9. Side-by-side deformed configuration of the virtual beam model (on the left) and reconstructed post-operative AA obtained clinical images (on the right), as

shown in Fig. 3, from two different orthogonal points of view.

closed surface model demonstrates local numerical instabilities in terms
of buckling that led to folding, such as at the disc (Fig. 6a) and the lobe
(Fig. 6¢) as well as snap-through mechanisms at the regions joining the
lobe’s cylindrical surface with the distal hub and with the neck. These
snap-through events cause the initially concave neck-lobe and lobe-hub
regions to transition into stable convex states, which do not return to the
initial unstressed configuration upon removal of the load (Fig. 6b). This
would make the simulation of the device release inaccurate. Ultimately,
the shell model stabilises in a creased configuration (Fig. 6d). The for-
mation of folds and the snap-through of the lobe-hub and neck-lobe
regions are anticipated by large increases of rigidity, followed by sud-
den reductions when the associated local buckling and curvature re-
versals have occurred. Hence, the force-displacement diagram obtained
for the shell model is characterised by large oscillations.

On the other hand, the virtual braided model appears to better
replicate the experimental behaviour, following a continuous J-shape
curve (Fig. 5). By capturing the changes in angles of the interwoven
wires, the braided model presents an overall low rigidity of the structure
in the first 30 mm of displacement (Figs. 5, 6a and b). This phase cor-
responds to the expansion of the disc into a more ballon-like shape,
mirroring the behaviour of the physical model. The structure becomes
progressively more rigid beyond 30 mm of displacement, due to the
increased density of the wires in the disc and in the lobe; these regions
experience radial compression as the axial stretching increases (Fig. 6¢
and d), closely matching the behaviour of the experimental AA. By
modelling the change in angles and density of wires, the virtual braided
model successfully captures the local rigidity and Poisson’s ratio across
different zones and stages of deformation.

Moreover, given the computational time discrepancies, the quanti-
tative (Fig. 5) and qualitative comparisons (Fig. 6) of the two virtual
models with respect to the physical device, we believe that the implicit
braided model has the potential to provide more valuable insights than
the explicit closed surface model.

This process confirms that the design choice adopted in the AA to use

of a nitinol mesh confers to the device a unique operating mechanics and
a geometrical stability during loading and release which is difficult to
achieve with other strategies.

As a proof of concept, the beam model was then deployed virtually
into a single patient-specific pre-operative LAA. Since the position and
orientation of the delivery system of the procedure were not known,
some difference between the clinical reconstructed AA and numerical
configurations was expected. Still, the simulation successfully captured
the main implantation mechanisms and resulted in similar features in
the post-procedural configuration. The virtual deployment of the model
has successfully simulated the implantation procedure, achieving a final
configuration covering entirely the LAA ostium, thanks to a pulling ac-
tion produced by the tension determined in the neck. Similarly to the
implanted physical device, the model lobe has taken a swayed shape,
interacting with the LAA wall morphology. This suggests that the pro-
posed approach can effectively provide useful predictive clinical in-
dications, anticipating the behaviour of the final configuration of the
device and potentially minimising the risk of peri-device leakage.

However, the application on a single clinical procedure still demands
for further validation [72-75], extended to a larger patient database.
Moreover, the CCTA scans were not ECG gated, and the pre- and
post-operative scans are likely to be in different cardiac phases (Fig. 4).
Furthermore, with the blood pool’s absence inside the post-operative
LAA morphology due to the implanted AA, it is impossible to quantify
the extent of LAA remodelling and whether this has impacted the
implant configuration over time [76]. For the same reasons, a quanti-
tative comparison of the effectiveness of LAA occlusion with the
post-operative scan in terms of peri-device leakage could not be per-
formed in this study as the post-operative LAA is not visible from the
CCTA reconstruction.

5. Conclusion

LAAQO is becoming increasingly adopted to prevent thromboembolic
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events in AF patients. Nevertheless, the deployment of these LAAODs
can be associated with post-procedural peri-device leak and complica-
tions, which can be minimised by specific operator pre-implant training
and procedural planning. Computational modelling represents a tool
that can support clinicians in making more insightful decisions to
enhance patients’ treatment outcomes. The developed pipeline advances
the current modelling framework for LAAOD and AA in particular; the
virtual braided model appears to be able to replicate the deformation
mechanism observed experimentally and reproduce the AA’s configu-
ration in patient-specific LAA settings. The developed computational
framework, once validated on a larger number of cases, could represent
a valid tool to anticipate, and thereby minimise potential complications,
and support device selection and procedural planning.
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