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Abstract: Left atrial appendage occlusion (LAAO) is an increasingly used alternative to oral anticoagu-
lation in patients with atrial fibrillation, especially in patients with absolute/relative contraindications
to these therapies. This review will cover three main aspects of the procedure. In the fist part of
the manuscript, we focus on patient selection. We describe three main categories of patients with
primary indication to LAAO, namely patients with previous or at a high risk of intracerebral bleeding,
patients with a history of major gastrointestinal bleeding and patients with end-stage renal disease
and absolute contraindication to novel oral anticoagulants. Some other potential indications are also
described. In the second part of the manuscript, we review available devices, trying to highlight
different aspects and potential specific advantages. The last section overviews different ways for pre-,
intra- and postprocedural imaging, in order to improve procedural safety and efficacy and ameliorate
patient outcome. The characteristics of available contemporary devices and the role of imaging in
procedural planning, intraprocedural guidance and follow-up are described.

Keywords: left atrial appendage; imaging; device; intracardiac echocardiography; transesophageal
echocardiography; computed tomography

1. Patient Selection
1.1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia with a prevalence ex-
ceeding 1800 per 100,000 in western Europe, with greater prevalence and incidence among
the elderly and individuals with lifestyle-related comorbidities [1]. It is associated with up
to one-fifth of all ischemic strokes, with annual stroke rates varying between 2% and more
than 10% according to the baseline thromboembolic risk of the patient as estimated by their
CHA,DS,VASc score [2]. Vitamin K antagonists (VKAs) reduce stroke by 60% and death by
25% compared with no antithrombotic treatment [3] but may be limited by contraindications
in 10% according to historical series, while 2% may have an absolute contraindication [4,5]. Di-
rect oral anticoagulants (DOACs) have consistently shown similar, or even improved, efficacy
and a better safety profile compared to VKA [6-10]. Current guidelines favor DOAC over
VKA as a first anticoagulation strategy in AF. However, barriers such as inadequate patient
adherence, residual stroke or bleeding risks as well as economical limitations—in the US, the
financial costs/insurance coverage limit the ability to take DOACs and a significant number
of patients remain on VKA—Ilimit optimal treatment. In phase 3 trials, discontinuation rates
for DOAC ranged between 20 and 30% [6-9]. In clinical practice, nearly 20% of patients at risk
of stroke do not receive any form of oral anticoagulation [11].
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1.2. Left Atrial Appendage Occlusion for AF-Related Stroke Prevention

Left atrial appendage occlusion (LAAO) was developed as a direct alternative to
anticoagulation, with the PROTECT-AF and PREVAIL trials showing that LAAO reduced
the risk of all-cause mortality and major bleeding compared to warfarin [12,13]. Simulta-
neously with these results, the DOAC trials proved non-inferiority for stroke prevention
with reduced bleeding risk compared to warfarin. This, in combination with a concern
of procedural safety with LAAO, reported up to 10% in the PROTECT-AF cohort for any
procedure-related event, led to an initial general concern for LAAO as a direct alternative
to OAC. This skepticism remained despite the improved procedural success and safety
over time.

Both European and American guidelines have remained cautious when considering
LAAO as a primary choice of stroke prevention in patients with AF [14,15]. Presently, its
indication is limited to patients who do not tolerate anticoagulation, with a IIb strength
of recommendation and level of evidence B for ESC and, recently, Ila for AHA/ACC
Guidelines [16]. However, the randomized PRAGUE-17 study in 2020 showed that LAAO
was non-inferior to DOAC in preventing major AF-related cardiovascular, neurological and
bleeding events in patients at a high risk of both stroke and bleeding [17]. Observational
data support a low thromboembolic and hemorrhagic risk after LAAO, with a reduction in
event rates compared to the predictions by CHA,DS;Vasc and HAS-BLED and comparable
to DOAC [18-23]. In addition, in patients with anemia, while the risk-to-benefit ratio
of assuming VKA or DOAC decreases, the stroke risk remains constant over the years
irrespective of bleeding diathesis [24]. In this setting, LAAO represents a constantly
underused strategy, also considering that the risk of experiencing a bleeding event is
proportional to the duration of therapy. The longer you are treated with DOAC, the higher
the risk of a serious bleeding event [25].

1.3. LAAO-Clinical Indications

A selection of patients for LAAO in clinical practice is difficult and more nuanced
than currently provided by guidelines. How do clinical cardiologists best identify pa-
tients who will benefit from LAAO? Although the population with relative or absolute
contraindication to OAC represents a minority of AF patients, this subgroup is numerically
relevant worldwide. The term relative contraindication to OAC is vaguely defined in the
literature, as is the definition of “high risk of bleeding” [26]. In clinical practice, it is not
infrequent to discover patients managed with long-term low-molecular weight heparin or
even antiplatelet therapy as a long-term thromboembolic strategy.

Patient evaluation should include a thorough investigation of bleeding history. Cir-
cumstances around the bleeding event may be inappropriate high INR levels, presence
of transient conditions affecting the bleeding risk or reversible causes to the hemorrhagic
event. Older patients are characterized by a higher incidence of OAC intolerance and, at
the same time, may be at a higher risk of procedural complications [27]. In such cases,
the continuation of oral anticoagulation or referral to LAAO should be carefully balanced.
Available guidelines leave great uncertainty regarding the proper identification of patients
with absolute or relative contraindication to oral anticoagulation. Below, we propose
categories of patients who might benefit from a referral to LAAO (Table 1).

Table 1. Clinical indications for LAAO procedure.

Primary Indications
Previous intracranial hemorrhage
High risk of intracranial hemorrhage
Previous major GI bleeding
End-stage renal disease
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Table 1. Cont.

Potential Indications
Hematologic disorders
Advisable prolonged anti-platelet therapy
Recurrent events despite optimal anticoagulation
Non-compliant patients
Young patients (<55 years old, CHA,;DS,-VASC > 1)

1.4. Patients with Previous Spontaneous Intracerebral and Intracranial Hemorrhage

For this category of patients, even if the first intracranial event happened on warfarin
therapy, DOACs should be considered relatively contraindicated. Despite DOACs being
associated with lower intracranial hemorrhage risk compared to warfarin [4-7], the residual
risk of a second intracranial bleeding might be too high to consider the prescription of a
permanent anticoagulant or antiplatelet therapy. In this context, LAAO was associated with
a significant reduction in stroke/TIA and a remarkably low frequency of major bleeding
during follow-up [17,28]. Among a small cohort of twenty-six patients—half of them with
a history of symptomatic lobar hemorrhage—the LAA-CAA registry showed no major
hemorrhagic events over a 25-month follow-up [29]. Two important randomized clinical
trials, CLEARANCE (NCT04298723) and STROKECLOSE (NCT02830152), are currently
enrolling patients with intracerebral or intracranial hemorrhage and AF, and are expected
to provide more data on LAAO.

1.5. Patients at High-Risk of Intracranial Hemorrhage

Cerebral amyloid angiopathy (CAA) is characterized by the accumulation of amyloid
beta-peptide within the leptomeninges and small/medium-sized cerebral blood vessels.
The amyloid deposition results in fragile vessels that may manifest as lobar intracerebral
hemorrhages (ICH). Approximately 12-15% of lobar ICH in the elderly is associated with
CAA [30]. CAA is considered contraindicative to long-term DOAC by most neurologists,
and referral for LAAQ appears suitable as the equipoise of treatment strategies has been
lost by physicians.

1.6. Patients with Previous Major Gastrointestinal Bleeding

Approximately 10 to 20% of GI bleedings cannot be definitively corrected, thus poten-
tially representing a continuous risk of harm over time [31]. Patients presenting with GI
bleeding without a reversible cause (e.g., diffuse angiodysplasia, diverticular disease) may
benefit from LAAO. The recent AHA /ACC specifically includes bleeding due to a non-
reversible gastrointestinal focus as a contraindication towards long-term OAC [16]. The
clinical applicability and positive effect of LAAO on stroke and bleeding rates were demon-
strated by Lempereur et al., demonstrating a relative risk reduction by 20% compared
to the HAS-BLED score [32]. However, most evidence is based on non-randomized data.
The randomized ASAP-TOO trial (NCT02928497) included such patients, among other
indications, but was terminated prematurely due to slow enrolment and a concern among
investigators of lacking equipoise. Conversely, LAAO may imply antithrombotic treatment
in the postprocedural period. Major bleeding (most often GI) is a common complication
after LAAO. Hence, the composition and duration of post-LAAO antithrombotic treatment
needs consideration, and the option of leaving the patient without antithrombotic therapy
in the first 3 to 6 months after LAAO has been described as a potential viable solution, but
warrants confirmation in larger, prospective studies.

1.7. Patients with End-Stage Renal Disease or on Haemodialysis

In patients with AF and end-stage renal disease or on hemodialysis—a population at
a particularly high risk of embolic stroke—warfarin control is poor and may even be associ-
ated with rapid worsening of renal function secondary to warfarin-related nephrocalcinosis.
Additionally, most DOACs are contraindicated, although observational data may show
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promise. In a cohort of 132 patients, the replacement of VKAs by rivaroxaban—at a dose
of 10 mg daily—was safe and potentially associated with less life-threatening and major
bleeding [33]. Conversely, using apixaban, while the RENAL-AF was prematurely stopped
due to inadequate power to draw any conclusion, showing clinically relevant bleeding
events were ~10-fold more frequent than stroke or systemic embolism [34]; the AXADIA-
AFNET 8 revealed no differences in safety or efficacy outcomes between apixaban and
warfarin [35]. In any case, current guidelines contraindicate the use of DOACs in patients
with end-stage renal disease or on hemodialysis [36]. In the setting of LAAO, it should be
acknowledged that renal failure is associated with a higher risk of DRT after LAAO [37].
The ongoing LAA-KIDNEY trial (NCT05204212) will provide specific periprocedural and
long-term outcomes in this category of patients.

Beside these major categories of patients, LAAO might be considerable in patients with

e  Hematologic disorders with a relative contraindication to antithrombotic therapy, such
as myelodysplastic disorders, thrombocytopenia or hemophilia [38].

e  Those patients for whom prolonged (and even double) antiplatelet therapy would be
advisable, such as those with multiple coronary stents, multiple previous recurrent
acute coronary syndromes or cerebral events secondary to carotid disease. Here, the
combination of oral anticoagulation and antiplatelet therapy might result in a too-high
long-term bleeding risk. In this specific category of patients, careful balancing risk
factors and a multidisciplinary discussion including patient’s preference should all be
taken into account when considering stroke prevention strategies.

o  Recurrent stroke despite optimal anticoagulation. The potential indication for LAAO
is represented by patients who experienced an ischemic stroke despite optimal anti-
coagulant therapy, then other plausible causes (e.g., carotid disease, severe mobile
aortic arch atheromata) are excluded. ESC guidelines in this context recommend
optimization of anticoagulant therapy [39] while adding an antiplatelet agent to OAC
is another practice that may be encountered in the clinical arena, even if there are no
available data supporting this approach. Seiffge et al. showed that the risk of stroke
recurrence was very high (8-9%/yr) and a change of OAC strategy did not change
the risk of stroke recurrence [38]. LAAO may be considered in this population as an
alternative stroke preventive measure. Observational propensity-matched studies
suggest a significantly lower risk of the composite outcome of stroke, major bleed-
ing and all-cause mortality with LAAO therapy compared to DOAC but warrants
confirmation in randomized trials [20,40]. Currently, two randomized clinical trials
enroll patients within this category and compare outcomes to DOAC therapy; the
OCCLUSION-AF trial (NCT03642509) randomizing between DOAC and LAAO com-
bined with long-term SAPT, and the ELAN trial (NCT05976685) randomizing between
DOAC and LAAO combined with continued DOAC-therapy.

e  Non-compliant patients, including those not willing to take medications at all, those
subjects with a specific lifestyle or profession leading to no or irregular drug intake or
those presenting with non-compliance despite multiple measures to improve this. In
any case, according to ESC guidelines, these patients should be strongly encouraged
to take DOACs, which still represent the first option.

Given the continuously improving safety of the procedure and cumulating evidence
of its long-term efficacy, LAAO deserves consideration in the presence of intolerance to
OAC or high-hemorrhagic risk. Ongoing trials will provide high-level evidence within the
coming years, including trials comparing LAAO against DOAC in a broad AF population
with CHA2DS2-VASc > 2. The above-mentioned patient categories for whom LAAO should
be considered should be considered as a tool to help clinical cardiologists manage AF-
patients in daily practice. The decision between treatment strategies should be based on a
multidisciplinary approach, considering the patient perspective as reflected in the most
recent EAPCI/EHRA consensus statement [41].
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2. Contemporary Devices

LAAO may be achieved by various devices with the CE Mark, while the Watchman
FLX and Amplatzer Amulet are currently the only approved devices with both CE Mark
and Food and Drug Administration (FDA) approval. LAAO devices are categorized as
epicardial or endocardial, with the latter consisting of devices categorized as either plug-
based or disc-lobe platforms [42]. Here, endocardial devices will be discussed (Table 2).

Table 2. Contemporary devices for LAAO procedure.

Device Imagine Design Sizes (MM) Sheat (F) Company Status CE

Boston
Watchman 2.5 Single (lobe) 21,24,27,30,33 14 Scientific CE Mark (2005)
NPT, /A Corporation

Boston
Watchman FLX Single (lobe) 20, 24,27,31, 35 14 Scientific CE Mark (2015)
x Corporation

Double (lobe 16, 18, 20, 22, 24, 26,
and disc) 28, 30

Amplatzer

K 9,13 Abbott Vascular  CE Mark (2008)
cardiac Plug

Amplatzer Double (lobe 16, 18, 20, 22, 25, 28,
Amulet and disc) 31,34 12,14 Abbott Vascular CE Mark (2013)
Double (bull 16, 18, 20, 22, 24, 26, .
Ultraseal and sall) 28, 30, 32 10, 12 Cardia, Inc. CE Mark (2016)
Double
Omega (lobe/cup and 14,16, 18, 20, 22, 24, 14 Eclipse Medical ~CE Mark (2021)
. 26,28, 30
disc)
Double Lifetech
LAmbre g (umbrella and 16,18, 20, 22, 24, 26, 8,10 Scientific, Co.,  CE Mark (2016)
28,30, 32, 34, 36
cover) Ltd.
CLAAS ‘é ; ) Adaptable form 27,35 17 Conformal Non approved
p ’ Medical pp

2.1. The Watchman Device

The Watchman 2.5 device (Boston Scientific Corporation, Boston, MA, USA) was
evolved based on the first PLAATO device dedicated to LAAO. It consisted of a self-
expandable, parachute-shaped nitinol device. The first device in the Watchman family
was the Watchman 2.5., which received CE Mark approval in 2005 and US Food and Drug
Administration (FDA) approval in 2015. The Watchman 2.5 successor is the Watchman Flx
(Boston Scientific Corporation). It features a closed-end self-expanding nitinol material
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with a parachute shape, 18 strut structures and 24 J-shaped anchors. The closed end renders
it atraumatic while a more distal extension of the polyethylene terephthalate membrane
fabric is designed to achieve a better seal and reduce peri-device leakage (PDL). It is
available in five different sizes (20, 24, 27, 31 and 35 mm) for LAA ostia ranging between
14 and 32 mm. It can be completely recaptured, repositioned and reinserted for optimal
positioning. Watchman Flx novel characteristics in comparison to previous Watchman
devices are summarized in Figure 1. The device is implanted with a 14 Fr Watchman FXD
Curve sheath delivery system. This delivery system is available in three curvatures in order
to accommodate various access angulation between transseptal puncture, left atrium and
LAA orientation. The Watchman device is the most studied of all the LAA closure devices
both for safety and for clinical efficacy. The most robust data for the safety and clinical
effectiveness of the Watchman device in comparison with oral anticoagulation are available
from the two FDA registration trials—PROTECT-AF and PREVAIL. Refs. [12,13] explored
the direct comparison between LAAO and oral anticoagulation with warfarin while the
EWOLUTION is one of the widest registries of LAAO procedures for patients with abso-
lute/relative contraindication to OAC [43]. Compared to the Watchman 2.5 device, the
Watchman FLX was associated with lower rates of in-hospital MAE including mortality,
pericardial effusion, major hemorrhage, cardiac arrest, and device embolization [44—46].
The latest generation of Watchman devices features a fluoropolymer-coated membrane
(polyvinylidenefluoride-co-hexafluoropropylene), which should increase thromboresis-
tance, facilitate tissue ingrowth and hence reduce the risk of device-related thrombosis [47].

Recessed metal screw on proximal face

Optimized frame
shape for smooth
delivery

18 precision anchors

Atraumatic
closed end

Shorter device length

Figure 1. Novel characteristics of the Watchman Flex Device in comparison to previous versions.

2.2. Amplatzer Devices

The Amplatzer Amulet occluder device (Abbott, Abbott Park, IL, USA) is the uploaded
version of the earlier Amplatzer Cardiac Plug device. It is a self-expanding nitinol device
that consists of a lobe and a disc connected by a central waist. Polyester patches are sewn
into both the lobe and disc to facilitate occlusion. The lobe-and-disk platform appears to be
more functional in cases of left atrial appendages with little implantation depth and in cases
of anatomies in which the axis of the ostium and body of the appendage are arranged and
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oriented in different angles. In such cases, the Amulet appears to be a very effective device
with good sealing and low incidence of periprocedural complications [48,49]. Device sizing
is evaluated according to the so-called landing zone of the device lobe that is considered as
a 10 to 12 mm line perpendicular to the ostium plane inside the LAA. Eight different sizes
ranging from 16 to 34 mm are available to cover LAA landing zone width from 11 to 31 mm.
The Amulet device is implanted through a 12 (16 to 25 mm devices) or 14 Fr (28-34 mm
devices) double-curved TorqVue sheath [50].

In the Amulet IDE randomized trial (n = 1878), the Amulet occluder was non-inferior
for the safety and effectiveness of stroke prevention compared with the Watchman de-
vice [50]. Occlusion rates of LAA were slightly higher with Amulet (98.9% versus 96.8%)
even if the procedure-related complications rate was higher compared with the Watchman
device (4.5% versus 2.5%). The SWISS APERO trial randomized 221 patients to either
Amulet or Watchman (77.3% patients received Watchman Flx). The rate of residual LAA
patency was similar between Amulet and Watchman at a 45-day cardiac CT. Still, Amulet
was associated with lower PDL rates on a transesophageal echocardiography (TEE) and
had similar clinical outcomes at 45 days compared with Watchman. On the other side, a
slightly higher rate of pericardial effusion/pericardial tamponade was reported with the
Amulet device in the SWISSS APERO trial [51]. Further studies comparing the Amulet
device with Watchman Flx are awaited.

2.3. Ultraseal Device

The Ultraseal LAA occluder represents the second generation of Cardia. Similar
to other devices, it is a self-expandable distal nitinol lobe, with a proximal disc and an
articulating communicating waist. It is available in 10 sizes, ranging from 16 to 34 mm,
with lengths between 10 and 18 mm. The device features a reduced radial force and more
flexible central waist between the disc and lobe. This results in a more compact device
capable of adapting to more complex anatomies. An oversizing of 10-20% between the
lobe and the landing zone is recommended [51].

At present, limited data are available, but in-hospital complication rates have been
reported at around 5.8% in a multi-center experience across seven European centers and
52 patients [52]. Two-thirds of the patients underwent a follow-up TEE after 61 days
with PDL > 5 mm in 2.9% of patients, while no patients had a device-related thrombus
(DRT) [52].

2.4. OMEGA Device

The OMEGA® LAAO device is an extruded nitinol (288-thread) double-layer metal
mesh extrusion coated with inert platinum, and consists of the following main parts: distal
cup, proximal disc with polypropylene filling and polyester thread stitching, connecting
strap, anchoring hooks in pairs of staggered geometry in increasing numbers according to
the size of the device and proximal female connecting joints and thread embedded in the
disc [53].

Furthermore, the Omega LAA Occluder device has a size range from 14 mm to 30 mm,
making its smallest size (14 mm) unique on the market, which enables treatment from
landing zones as small as 10 mm and thus making it the LAA device capable of treating very
small LAA. There are currently 500 cases in Europe, but without a dedicated registry [54,55].

2.5. Lambre Device

The Lambre device (Lifetech Scientific, Shenzhen, China) is a self-expanding, nitinol-
based device with a hook-embedded umbrella and a cover connected with a short central
waist. The proximal cover is larger in diameter than the umbrella, sewn with polyethylene
terephthalate fabric and intends to cover the LAA orifice on deployment. The distal
umbrella comprises eight claws with individual stabilizing hooks, as well as a polyethylene
terephthalate membrane. The device comes in several sizes ranging from an umbrella
diameter of 16-36 mm [56]. The most important distinguishing feature for Lambre is the
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availability of “special” devices with large covers for small umbrellas (e.g., umbrella/cover
of 22/34 or 26/38 mm). This could facilitate implantation in “chicken wing” anatomies
with a very short implantation zone or conical LAAs with a large size difference between
the ostium and the medial part of the LAA. Still, the double stabilization system may
potentially reduce embolization and facilitate implantation by reducing the number of
recaptures.

2.6. CLAAS Device

The CLAAS device (Conformal Left Atrial Appendage Seal; Conformal Medical,
Nashua, NH, USA) is a foam-based, self-expanding occluder consisting of a cylindrical
nitinol endoskeleton covered with a conformable, porous, polyurethane-carbonate matrix
foam. The endoskeleton is stabilized by two anchoring wires arranged in two parallel rows.
The device is available in only two sizes: 27 mm for an average LAA diameter between
13 and 25 mm and 35 mm for an average LAA diameter between 20 and 32 mm [57]. In
a preclinical study of device implantation in seven healthy male canines in sinus rhythm,
histological examination at 60 days showed complete neointima coverage with minimal
inflammation. This first-in-human study demonstrates the clinical feasibility of the CLAAS
device for LAAC [58].

2.7. New Devices

Several other devices are under development. The WAVECREST 2 trial is ongoing
in the USA. The randomized controlled trial was designed to ensure the safety and effec-
tiveness of the WaveCrest device (Biosense Webster, Irvine, CA, USA) in comparison to
the Watchman device. The WaveCrest device consists of a self-expanding nitinol frame
with 20 anchoring points, covered by an expanded polytetrafluoroethylene. Some potential
advantages are related to safer repositioning, occlusive and non-thrombogenic device
material, no metal exposed on the left-atrium-facing surface, potential for distal contrast
injection, design for a short landing zone and device seal on the distal margin of the device.

Many other devices are under pre-/clinical evaluation such as SeaLA LAA occluder
(Hangzhou Valued Medtech, Hangzhou, China), LACbes (PushMed), Occlutech LAA
Occluder (Occlutech, Helsingborg, Sweden) and Laminar device (Laminar, Inc., Santa Rosa,
CA, USA) [59,60].

3. Procedural Planning and Execution

LAAO represents a complex intervention, mainly due to the anatomical complexity of
the LAA with a high degree of heterogeneity among patients. Several classification systems
exist to help categorize LAA anatomies, with the most commonly used classifying the
LAA into chicken wing, windsock, cactus and broccoli morphologies (Figure 2). In real life,
classification often simplifies the anatomical complexity, and a significant overlap between
morphologies exist. Other variables that may significantly affect the LAAO procedure are
the presence of extensive trabeculation, multiple lobes that may be located proximally and
the thin-wall LAA structure that may predispose to pericardial effusion. The access to the
LAA may influence the ability to achieve a coaxial alignment of the LAAO device with the
LAA wall. Here, the anatomy of the interatrial septum and fossa ovalis may vary in terms
of thickness and width, creating a challenge for transeptal puncture (Figure 3). An inferior
and posterior puncture is considered most optimal to engage the LAA, but in select cases
such as retroverted chicken wing morphologies, a more inferior mid or anterior puncture
may be advisable [61]. Finally, the left atrial volume and spatial relationship of the LAA to
surrounding structures may affect the possibility to access the LAA and position a device.
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BROCCOLI WINDSOCK CACTUS CHICKEN WING

Figure 2. Most common LAA anatomies as visualized by TEE and CT, i.e., Broccoli (A,E,I), Windsock
(B,F))), Cactus (C,G,K), Chicken Wing (D,H,L).

Posterior Inferior

Fossa Ovalis A 7>
| <

A7 o A

Figure 3. (A): CT planning for optimized transeptal puncture in superoinferior and antero-posterior
planes; (B): transeptal puncture with TEE imaging; (C): transeptal puncture with ICE imaging.

Imaging is paramount to achieve an optimal result. Both transesophageal echocardio-
graphy (TEE) and cardiac computed tomography (CCT) may be used in the preprocedural
planning and postprocedural follow-up. Intraprocedural guidance has relied on TEE, but
intracardiac echocardiography (ICE) is a valid alternative to TEE. LAAO operators should
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be familiar with the interpretation and incorporation of imaging results, which are crucial
to gain proficiency of this intervention. In complex cases, different imaging modalities may
be complementary.

Preprocedural has a crucial role to ensure procedural safety and efficacy. Excluding
absolute/relative contraindications such as LAA thrombosis is mandatory in the preproce-
dural phase. Preprocedural imaging may affect the choice of device and its size for that
specific anatomy and provide important procedural details as the best position for transep-
tal puncture and implant view. Three-dimensional TEE is widely used and considered
the gold-standard modality for preprocedural evaluation. CCT is a valid alternative and
may provide a more accurate assessment of the LAA geometry and dimensions due to
higher spatial resolution. Moreover, CCT is less invasive than TEE, highly efficient with a
more reproducible evaluation and off-line interpretation. 3D volume rendering provides
a roadmap for transseptal puncture (Figure 3) and optimal C-arm angulations for device
implantation, which may reduce the amount of contrast used during the procedure [62].
Additionally, CCT imaging may be used for 3D printing, simulation and computational
modeling, as well as for fusion/overlap imaging.

Both TEE and CCT have advantages and limitations, as summarized in Table 3. CCT
is limited by contrast medium use, radiation exposure, availability and costs, while TEE is
limited by the need for fasting and sedation with associated patient discomfort and is more
operator dependent.

Table 3. Comparison of limits and advantages of CCT vs. TEE for preprocedural planning of LAAO.

TEE CCT
ADVANTAGES
Standard of care in many centers Higher spatial resolution
No contrast medium Low inter-observer variation
No radiations Optimal transePtal puncture
planning
Lower cost Implant view planning
Easily available Potential for simulation/modeling
LIMITS
Invasive Contrast medium use
Gastro-.eso.pha.geal Radjiations
contraindications
Not optimal imaging in some cases Higher cost

CCT: cardiac computed tomography; LAAO: left atrial appendage occlusion; TEE: transesophageal echocardiography.

Intraprocedural echocardiography has documented benefits compared to fluoroscopic
guidance alone [63]. It serves as guidance for transseptal puncture, navigation of sheaths
inside the left atrium and LAA, positioning of the device at the intended landing zone and
securing adequate device placement and sealing. Intraprocedural imaging is crucial for
the avoidance/early detection of procedural complications such as pericardial effusion,
procedure-related stroke device embolization or impingement of surrounding structures.
TEE is still most widely used. The advantages include high-quality 2D and 3D images with
multiplane capabilities. Limitations include requirements for sedation, an additional TEE-
operator and dedicated anesthesia staff present. Furthermore, the risk of esophageal injury
in TEE-guided cardiac interventions is more significant than previously anticipated [64].
ICE represents an increasingly used alternative. The main conceptual difference between
TEE and ICE is the probe position. The TEE probe is placed in the esophagus for viewing
the anatomical structures of the heart from a position behind the LA, while the ICE probe
is advanced, usually via a femoral vein approach directly into the heart for viewing
the target anatomical structures directly from a heart chamber or a large vessel (right
atrium, left atrium, pulmonary artery, etc.). (Table 4) ICE appears non-inferior to TEE
for guiding LAAO in terms of procedural success, peri-procedural complications and
long-term patients” outcome [65-69]. ICE may even be superior to TEE in the imaging of
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the fossa ovalis (Figure 3) and in the imaging of clots/vegetations on pacemaker leads, as
well as for some specific LAA anatomies. Most currently available ICE probes are limited
by 2D imaging, but 3D ICE probes with digital multiplane capabilities are now becoming
available (FDA approved) which may provide further support to the ICE approach [70].
At present, 3D preprocedural planning (by CCT or TEE) is considered a prerequisite for
successful ICE-guided LAAO.

Table 4. Comparison of limits and advantages of TEE vs. ICE for intra-procedural imaging of LAAO.

TEE ICE
ADVANTAGES
Standard of care in many centers No need for orotracheal intubation
Many cardiologists are familiar .
with TEE Local anesthesia
. Better visualization of LAA from
3D evaluation LA
Higher quality No need for dedicated operator
Easily available
Low cost
Possible re-evaluation in the cathlab
before vascular access
LIMITS

Invasive 2D only (need for a Preprocedural
3D evaluation)

tro- hageal . .
Gastro-esophagea Higher use of contrast medium

contraindications
Not optimal imaging in some cases Higher cost
Interference with fluoroscopy Limited operator experience
Positioning in LA mandatory for
good quality

ICE: intracardiac echocardiography; LAAO: left atrial appendage occlusion; TEE: transesophageal echocardiography.

The ICE position in the left atrium provides the most optimal intraprocedural imaging.
Three main projections have been described for LAA evaluation and procedural guidance:
the left upper pulmonary vein view, the mid-atrial view and the supramitral view. These
three views are equivalent to the most common TEE views, respectively, 45°, 90° and
135° projections.

After device deployment, the device position relative to the specific anatomical land-
marks of the circumflex artery and left upper pulmonary vein is evaluated. The device
morphology and compression, along with absence of a peridevice leak needs confirmation
before device release (Figures 4 and 5). Although both ICE and TEE provide sufficient
imaging information to evaluate this [64-68], a 3D imaging modality may be superior for a
position assessment and (small) peridevice leak exclusion. After device release, the device
position and peridevice leak are confirmed, and complications like pericardial effusion
excluded (Figure 6).
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Figure 4. Different phases of Amulet device release with x-plane TEE imaging: lobe release (A,B),

traction test after disc release (C), final position of the device (D).

Figure 5. Different phases of Amulet device (A-D) and of Watchman FLX device (E-H) with ICE

imaging.
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Figure 6. Potential intraprocedural complications as visualized by TEE, pericardial effusion in (A),
device embolization in (B), device acute thrombosis in (C).

4. Follow-up

Follow-up device surveillance remains crucial in the recognition of complications like
device-related thrombosis (DRT) and peridevice leak (PDL). Significant heterogeneity exists
in the timing of imaging follow-up across centers and studies. Early imaging follow-up
is recommended between 45 and 90 days after LAAO, while the evidence supporting
repeated, later imaging is weak and mainly performed in cases of DRT or significant PDL
at early imaging.

The incidence of DRT is reported around 3% to 4%, but with significant variation
associated with the imaging modality used, timing of follow-up and number of scans
performed. Multiple studies have documented an association between DRT and ischemic
events [71-73]. Nevertheless, the management of DRT is challenged by a lack of repro-
ducible diagnostic criteria and optimal detection protocols. Despite TEE offering higher
temporal resolution, cardiac CT has superior spatial resolution, is isotropic by nature with
three-dimensional (3D) and multiplanar capabilities and is less operator-dependent. CCT
seems more sensitive for DRT detection and may give information about its exact position
and size, as well as on its base of implant and stability (Figure 7).

Standardized CCT classifications of DRT have been developed which rely on the
documentation of hypoattenuated thickening (HAT) on the device surface cap, with HAT <
3 mm defined as low grade (the clinical outcome of which is uncertain), and HAT > 3 mm
defined as high grade and diagnostic of DRT [73].

Various predictors associated with DRT have been identified. Many of them are non-
modifiable factors such as such as hypercoagulability disorder, non-paroxysmal AF, renal
insufficiency, previous stroke and a generally elevated CHA2DS2-VASC score. From a
technical perspective, an implantation depth > 10 mm from the pulmonary vein limbus has
been associated with higher DRT risk, and may be modifiable during the intervention. This
result underscores the key role of intraprocedural imaging [74].

DRT diagnosis is inherently linked to the imaging regimen pursued, with the empiri-
cal concept of early and late imaging appearing justified, while clinically driven imaging
should be performed (i.e., following an embolic event). Implementing unbiased standard-
ized surveillance protocols and core laboratory evaluation of cases based upon specific
modalities and definitions would be beneficial to obtain insights into DRT timing, device-
specific considerations, optimal follow-up regimens and into DRT persistence or recurrence.
The choice between CCT and TEE in the need for multiple re-evaluations is affected by
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intrinsic limitations such as contrast medium use and radiation exposure for CCT, and
invasiveness and discomfort associated with a low patient tolerance for TEE.

Figure 7. Different potential aspects of thrombosis at follow-up by CT. Pedunculated, hypermobile
thrombus attached to the device (A), flat and stratified thrombus on the device (B,C red circle),
presence of thrombus within unexcluded LAA (D).

The second Achilles” heel of LAAO during follow-up is residual PDL, indicating
that the LAA is only partially excluded from general circulation. PDL after LAAO are
common, but the incidence varies considerably depending on applied definitions and
imaging modality (higher with CCT) [75]. An arbitrary cut-off of 3 or 5 mm PDL diameter
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to define clinically significant leaks has been used for TEE. Various CCT classifications have
been applied across studies, but is based on the principles of contrast opacification in the
distal LAA (contrast patency), sealing of the device (PDL) and definition of the potential
mechanism of residual leak [76,77] (Figure 8).

Figure 8. Different potential aspects of peridevice leak at follow-up by CT. No leak (A), high flow
peridevice leak due to incomplete LAA occlusion (B), high flow-leak due to device malposition and
rotation (C,D), low-flow leak only in venous phase (E,F).
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Despite conflicting results, the large NCDR-LAAO Registry recently reported an
association between PDL (<5 mm) and a modest but statistically significant increased risk
of stroke/transient ischemic attack/systemic embolization at 1 year [78].

5. Final Considerations

LAAO for stroke prevention in AF is growing worldwide. Patient selection is crucial,
with guidelines currently recommending consideration of LAAO in OAC contraindicated
patients. Ongoing clinical trials will provide evidence on its use in specific patient categories
but also will evaluate LAAO as a direct alternative to OACs. For this purpose, procedural
safety and efficacy must be maximized by device technology improvements and peri-
procedural imaging.

The Watchman and Amulet devices are the two most widely used for LAAO, with best
supporting evidence. Several new devices are on the runway. Preprocedural, intraprocedu-
ral and follow-up imaging are increasing safety and maintain immediate and long-term
efficacy of the LAAO intervention.
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