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Abstract

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia, is increasing in incidence and prevalence
worldwide. AF significantly increases the risk of intracardiac thrombus formation and, if left untreated, ischemic
stroke. In patients with nonvalvular AF (NVAF), the left atrial appendage (LAA) has been determined to be the source
of thrombus development in 91% to 99% of cases. In this regard, oral anticoagulants (OACs) have become the standard
treatment for stroke prevention in most patients with AF; however, OACs are associated with a risk of bleeding com-
plications, and their efficacy depends on optimal patient compliance. Among alternative approaches to embolic stroke
prevention, surgical LAA excision for stroke prevention for valvular AF was attempted as early as the late 1940s. LAA
excision remains recommended in surgical guidelines for patients with NVAF requiring open-heart coronary bypass or
valvular replacement/repair surgeries. However, owing to the traumatic/invasive nature and suboptimal outcomes of
conventional surgical LAA intervention, clinical application of this approach is limited in current cardiology practice.
Percutaneous LAA occlusion (LAAO) is increasingly being performed as an alternative to OAC for stroke prevention,
particularly in patients with elevated bleeding risk.

Substantial progress has been made in percutaneous LAAO therapy since its inception approximately 20 years ago.
This article systematically reviews the literature leading to the development of LAAO and the evidence-based clinical
experience supporting the application of this treatment strategy for NVAF, with a focus on recently published critical
evaluations of US FDA and CE mark approved LAAO devices. Future perspectives regarding knowledge and technol-
ogy gaps are also discussed, recognizing the many ongoing clinical trials that are likely to be transformative and the
critical unanswered questions regarding LAAO therapy.
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Introduction to LAAO Therapy
Background

Thromboembolic ~ complications,  particularly
stroke, are among the most important complications
associated with atrial fibrillation (AF) [1-3]. The
left atrial appendage (LAA), with its muscular tra-
beculations and often complex multilobular struc-
ture, has long been considered the principal site of
atrial clot formation [4, 5]. Consequently, beyond
pharmacologic prevention of clot formation and
embolization, which are critical in long-term AF
treatment [6, 7], a substantial body of clinical expe-
rience supports the use of other methods to decrease
LAA-induced embolic risk, including device ther-
apy [8]. In this context, a degree of thrombotic risk
reduction has been achieved with techniques that
modify the LAA anatomy to decrease thrombus for-
mation ability. These techniques began with surgi-
cal methods to amputate the LAA or suture the LAA
os closed [9, 10], and thereby eliminate clots and
the release of thrombi from the LAA into the central
systemic circulation. These surgical approaches,
although imperfect, have achieved some success, as
discussed below. Later, catheter based LAA occlu-
sion (LAAO) systems were introduced and have
gradually increased in importance.

The goals of this review are to examine the role
of the LAA in intra-atrial thrombus development in
AF and to summarize the recent evolution of the
LAAO approach for thromboembolic prophylaxis.
Particular emphasis is placed on trans-catheter
LAAO, given its potential value for stroke preven-
tion in many patients with AF who cannot tolerate,
or have contraindications for, long-term conven-
tional oral anticoagulation.

AF Terminology

The term nonvalvular AF (NVAF), sometimes also
called nonrheumatic AF, has been used since the

1970s to differentiate AF in association with rheu-
matic heart disease from AF in the absence of rheu-
matic heart disease. A consistent definition of NVAF
was lacking until 2012, when the European Society
of Cardiology (ESC) defined it as AF in the absence
of “rheumatic native or prosthetic heart valves.”
Shortly thereafter, the AHA/ACC/HRS 2014 guide-
lines refined the definition to AF occurring in the
absence of “rheumatic mitral stenosis, mitral valve
repair, mechanical, or bioprosthetic heart valve.”
The current definition of valvular AF is limited to
AF in the presence of any mechanical heart valve or
moderate to severe mitral stenosis, either rheumatic
or nonrheumatic in origin. The current definition is
accepted by the AHA/ACC/HRS and ESC, but the
ESC further recommends that the term of NVAF be
abandoned. Thus, AF associated with severe mitral
regurgitation or aortic stenosis is not included in
the current definition of “valvular” AF, unless a
mechanical valve has been placed in the patient for
any etiology. Herein, the historic descriptions of
both “valvular” and “rheumatic” are used to differ-
entiate the subtype of AF from “nonvalvular” AF.

The Left Atrial Appendage

The LAA is generally considered a vestigial rem-
nant of the primordial LA, which forms during the
fourth week of embryonic development. Detailed
discussions of LAA anatomy, physiology, and
pathophysiology can be found in several excellent
reviews [11-13]. In general, the hook-like diver-
ticulum of the LAA consists of one or more lobes
with a trabeculated wall, owing to parallel-running
pectinate muscles [14, 15]. The LAA is a highly
contractile structure (which contracts from its apex
toward the base); in sinus rhythm, the blood flow
within the lumen is sufficient to minimize thrombus
formation. However, during AF, the contractility of
the LAA is markedly diminished, and the blood flow
in the lumen may become sufficiently slow to cre-
ate a hemodynamic “dead-space” that favors throm-
bus formation [16, 17]. The highly trabeculated wall
of the LAA, and the often-concomitant presence of
fibrous tissue in the muscular wall of the LAA and
atria in patients with AF, are also likely to play an
important part in thrombogenicity. As such, the fibril-
lating trabeculated LA A with blood stasis and facili-
tation of coagulation activation increases the risk of
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thromboembolism, thus resulting in an overall risk of
stroke of approximately 5% every year [ 1, 18].

In the 1950s, when rheumatic valve disease was
the main cause of AF, 50% of thromboses were
recognized to be in the LAA; consequently, a 50%
embolic risk reduction was observed after LAA
obliteration at the time of the commissurotomy [19].
By the mid-1990s, with the extensive clinical appli-
cation of transesophageal echocardiography (TEE),
LA thrombi were suggested to be present in the LA
cavity or in the LAA, and to extend into the cav-
ity in 57% of patients with rheumatic AF. However,
in nonrheumatic AF, approximately 91% of left
atrial thrombi are largely isolated to the LAA [4].
Regarding NVAF, by the late 1970s, increased risk
of ischemic stroke had been clearly associated with
AF in the absence of significant valvular heart dis-
eases [20-22]. According to the most recent data,
approximately 99% of thrombi in NVAF form in the
LAA [5].

The first amputations of the LAA in humans [23]
were reported shortly after the procedure was per-
formed in animal experiments [24, 25]. After these
successful pioneering attempts, these procedures
were subsequently performed at the time of mitral
commissurotomy, to alleviate the well-known high
thrombogenicity associated with mitral stenosis [19,
26]. Systematic exclusion of the LAA has recently
been recommended in addition to surgical abla-
tion procedures in surgical guidelines [27]. The
exclusion procedure is commonly performed by
resection, epicardial stapling, clip application, or
endoatrial double-layer longitudinal suture closure
[28-30]. Stapling has particularly poor outcomes,
leaving most patients with a residual LAA stump
and/or surgical line leakage, which can be thrombo-
genic. LAA obliteration may decrease early and late
stroke rates by more than 50%, and provide modest
survival benefits [10]. Regardless of the LAA exclu-
sion method used, the potential thrombogenicity of
the remaining appendage pouch is a matter of major
concern [31-33]. In a nonrandomized retrospective
study comparing the efficacy of several surgical
methods for LAA closure, TEE revealed successful
closure in only 40% of patients [34]. LAA thrombus
was present in 41% of patients with unsuccessful
LAA exclusion. Importantly, 13% of these patients
had experienced strokes between the operation and
the time when TEE was performed, regardless of

whether the closure was successful or unsuccessful
[34]. Despite these shortcomings and suboptimal
outcomes, the recent LAAO III trial further supports
the efficacy of surgical LAA obliteration in ischemic
stroke prevention in patients with NVAF [35].

LAAO Devices

The impetus for investigating the possibility of
percutaneous left atrial appendage obliteration or
occlusion was fourfold: (1) As noted earlier, thrombi
associated with nonrheumatic AF occur predomi-
nantly within the LAA in 91-99% of patients [4, 5].
(2) In many patients, anticoagulant drugs (warfa-
rin or NOACs/DOACS) are not a suitable therapy
to decrease embolic stroke, because of relative or
absolute contraindications, particularly bleeding
disorders. In addition, real-world experience has
indicated that adherence to anticoagulation is far
from optimal, thereby leaving many patients unpro-
tected [36, 37]. (3) Even in patients with chronic
anticoagulation using either warfarin or NOACs/
DOAC:Ss, a substantial risk of thrombus formation
in the LAA remains despite medication compliance
[35, 38—41]. Finally, (4) surgical approaches are
invasive, thus making their widespread application
inappropriate for most patients with AF; patients
are additionally exposed to residual risks associ-
ated with remnants of the LAA or residual leakage
regardless of the surgical exclusion method. Below,
the major LAAO devices are described in chrono-
logical order. A timeline of device preclinical, IDE
trials, and FDA and CE mark commercial approval
is shown in Table 1.

Percutaneous LAAO with the PLAATO
Device (Early Stage)

After a pilot feasibility study in animals [42], the
first percutaneous left atrial appendage transcatheter
occlusion (PLAATO, Figure 1) device in humans
was described two decades ago [44]. The detailed
technique for implantation was nicely summarized
a decade ago [43]. The device is made of a self-
expanding nitinol cage covered with a polymeric
membrane (ePTFE). The implant is available with
diameters of 15-32 mm and is delivered through
a 12 F transseptal sheath under TEE guidance and



4 | X. Han, et al., Atrial Fibrillation and Left Atrial Appendage Occlusion

Table 1 Timeline of Major LAAO Devices.

Devices Preclinical IDE FDA CE Mark Withdrawn
PLAATO 2001 2007
Amplatzer: Occluder 2002
ACP1 2008 2008
Amulet 2013 2016-2020 2020 2013
Watchman 2.5 2005 2005-2014 2015 2005 2021
FLX 2018-2020 2020 2015
LAmbre 2013 2016
WaveCrest 2010-2011 2013
LARIAT 2010 2006 2015
2009
2014
Ultraseal I/IT 2015-2016 2016
CLAAS 2021

fluoroscopy. The LAA was found to be successfully
occluded under TEE guidance and fluoroscopy in 15
of 15 patients with “chronic” AF with an average age
69 + 5 years and contraindications for warfarin. At
the 1-month follow-up, chest fluoroscopy and TEE
revealed continued stability of the implant position
with a smooth atrial-facing surface and no evidence
of thrombi. At the 6-month follow up, PLAATO
continued to achieve an adequate seal of the neck of
the LAA without apparent effects on the structure or
function of the LA and left upper pulmonary vein.
A prospective, non-randomized, multi-center trial
of PLAATO enrolling 111 patients from August
2001 to November 2003 was published in 2005 [45].
With an average follow-up of 9.8 months, the study
demonstrated overall success of the procedure in
108 of 111 patients (97.3%), with no migration or
mobile thrombi on TEE at 1 and 6 months after
device implantation. The three patients who did not
receive a PLAATO device included one with left
atrial thrombus at the time of the procedure, one with
vessel perforation of the right femoral artery while
the right femoral vein was being accessed, and one
who developed cardiac tamponade after trans-septal
puncture. At that time, the study led to the conclusion
that percutaneous LA A occlusion with the PLAATO
system could be performed with acceptable risk, and
this approach provided an alternative therapeutic
strategy for patients with AF with elevated risk of
ischemic stroke and contraindications for long-term
warfarin treatment. Additional studies in small and

moderate numbers of patients with AF with high
stroke risk reinforced the concept that LAAO with
PLAATO is relatively safe and effective, although
severe complications can occur [46—49]. Despite its
apparent effectiveness, the PLAATO device has not
been available since 2007, because of commercial
rather than medical reasons.

Amplatzer Cardiac Plug (ACP I) and Amulet
(ACP 1l)

The first study of LAA occlusion with Amplatzer
atrial septal occluder devices (Figure 2A) was
published in 2003 [51]. A total of 16 patients with
NVAF 58-83 years of age were treated at four cent-
ers, 14 of whom were under local anesthesia. One
acute device embolization occurred, and the device
was surgically removed. At the 4-month follow-
up, no further complications were observed; the
devices remained in stable position, and the LAA
was completely occluded in all cases. Notably,
the device was initially developed for atrial septal
defect closure but was not specifically designed for
LAA occlusion purposes. No further clinical data
for use of the septal occluder were available until a
new system, the Amplatzer Cardiac Plug (ACP I),
was designed specifically for occlusion of the LAA
[50, 52, 53]. The device (Figure 2B-D, left) is con-
structed from a nitinol mesh and Dacron, and it
consists of a lobe and a disk connected by a central
waist. Twelve stabilizing wires are equally spaced



X. Han, et al., Atrial Fibrillation and Left Atrial Appendage Occlusion | 5

A Anchors

ePTFE membrane

Figure 1 PLAATO Device.
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A: Original shape. B: Partially (left) and fully (right) opened device during delivery through the delivery catheter and sheath.
C: Fully opened device under fluoroscopy. D: Contrast injection demonstrating occlusion of the LAA. LA, left atrial side,
LAA = left atrial appendage side, DC = delivery catheter (modified with permission from refs. [42, 43]).

around the main disc. The sizes of the lobes range
between 16 and 30 mm. This device is retrievable
and can be repositioned, and successful deployment
has been confirmed by TEE [53].

Most clinical data for ACP I have come from the
ACP multicenter registry [54], which contains data
from 1047 consecutive patients treated at 22 centers
between December 2008 and November 2013. A total

of 1001 patients who underwent LAAO with the ACP
I and had complete follow-up were included and fur-
ther analyzed for stroke and bleeding reduction, their
outcomes were compared with the predicted risks
with the CHA2DS2-Vasc and HAS-BLED scores.
The mean follow-up time was 13 months, thus result-
ing in a total of 1349 patient years. Procedural suc-
cess was achieved in 1019/1047 patients (97.3%),
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Figure 2 Amplatzer Septal Occluder (A), ACP I, and ACP
IT (Amulet) Devices. Distal (B), horizontal (C) and proximal
(D) views of APC I (left) and ACP II (right). APC: Amplatzer
Cardiac Plug.

A key feature is the double-disc design. Major differences
between ACP I and ACP II include that in the latter 1) the
stabilising hooks are stiffer and increased from six pairs to
as many as ten pairs; 2) the length of the distal lobe and the
diameter of the proximal disc are increased; 3) the waist
between the distal lobe and the proximal disc is lengthened;
and 4) the attaching screw on the proximal disc is inverted
(modified from St Jude medical and ref. [50]).

and a total of 52 peri-procedural major adverse events
(4.97%) were observed, including eight procedure-
related deaths, nine strokes, nine transient ischemic
attacks (TIAs), and 13 cardiac tamponades. Major
study limitations included 1) the non-randomized
study design (without a control group), 2) the lack of
availability of TEE follow-up data for all patients, and
3) the self-reported study results (without independ-
ent adjudication).

The major complications observed with the first
generation ACPI [54-56], including peri-procedural
stroke (0-2.3%), device embolization (0-2.3%),
device thrombosis (0-2.4%), and pericardial

effusion (1.1-3.5%), indicated the need for further
technological improvements. Consequently, a new
generation of the Amplatzer™ Cardiac Plug, the
Amulet™ (ACP II) was designed (Figure 2B-D,
right), without altering the main design of the ACP L.
The modifications to the design of the ACP I were
made to facilitate implantation and improve sealing
performance after implantation. The first in-human
percutaneous LAA closure using the ACP II/Amulet
was performed in 2012, and a case report was pub-
lished in 2013 [50]. A multicenter prospective real-
world registry study including 1088 patients (75 *
8.5 years, 64.5% men, CHA2DS2-VASc: 4.2 £ 1.6,
HAS-BLED: 3.3 + 1.1) with NVAF was published
in 2017 [57]. In this population, 82.8% of patients
were considered to have absolute or relative con-
traindications for long-term anticoagulation, and
72.4% had prior major bleeding. Successful device
implantation was achieved in 99.0% of patients.
During the procedure and index hospitalization,
major adverse events including death, major bleed-
ing, tamponade requiring pericardial drainage or
surgery, major vascular complications, stroke, and
device embolization occurred in 3.2% of patients.
Available TEE follow-up in 673 patients after
implantation indicated adequate (<3 mm jet) occlu-
sion of the appendage in 98.2% of patients and
device thrombus in 1.5%. As with all registry stud-
ies, selection bias, or at least perceived selection
bias, is a major limitation, particularly given that
only approximately 62% of the study population had
follow-up TEE data available. Nonetheless, in this
study population, a total of 1078 patients success-
fully received an Amulet device. Compared with a
propensity score—matched control cohort of patients
with AF (n = 1184) identified from Danish national
patient registries, who were treated with direct oral
anticoagulants (NOACs/DOACs), patients receiv-
ing LAAO with the Amulet have been found to
show similar stroke prevention efficacy, but a lower
risk of major bleeding and mortality, at the 2-year
follow-up, on the basis of analysis of the composite
primary outcome of ischemic stroke, major bleed-
ing, or all-cause mortality [58]. After the IDE trial
[59] confirmed the noninferior safety and effective-
ness of stroke prevention in patients with NVAF with
respect to the first US FDA approved Watchman
Legacy (March 2015), the Amulet became the
second US FDA approved LAAO device (August
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2020) in the United States. Higher than expected
rates of procedure-associated complications were
observed with the Amulet occluder but decreased
with operator experience.

Watchman 2.5/Legacy

The first description of the Watchman™ device
(Watchman 2.5 or Legacy) was published in 2006
[60, 61]. Enrollment in the PROTECT AF trial
started in February of 2005 and ended in the summer
of 2008. The pilot data were published in 2007 [62],
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Figure 3 First and Second Generation Watchman Devices.

and the complete study was published in 2009 [63].
The Watchman™ Left Atrial Appendage System
includes an implant/device, a delivery sheath
(14 F), and a catheter (12 F). The Watchman™
implant comprises a self-expanding nitinol frame
structure with fixation barbs and a permeable pol-
yester fabric that covers the left atrial facing sur-
face of the device (Figure 3A). Before delivery, the
device is constrained in a 12 F delivery catheter and
is available in five sizes (21 mm, 24 mm, 27 mm,
30 mm, and 33 mm) to accommodate various LAA
morphologies. The Watchman™ system and the
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A: Watchman 2.5 (Legacy); B: Watchman FLX; C: Comparison of detailled parameters. Watchman 2.5 has been off the US
market since the first quarter of 2021 (modified from Boston Scientific).
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PLAATO system are similar in material, design
concept (occlusive), and delivery. In the pilot study,
75 patients were recruited, but only 66 patients suc-
cessfully received the implants. Nine patients did
not receive the device because of anatomical dif-
ficulties or device wire malfunctions. Because of
complications (in 5 of the first 16 cases) the device
and delivery system were modified to the current
format. Pericardial effusion occurred in two of the
75 cases (2.6%). At the 45 day TEE follow-up, 93%
of devices showed successful sealing of the LAA,
according to the protocol. These preliminary data
suggested safe and feasible LAA occlusion with the
first-generation Watchman™ system [62].
PROTECT AF, a randomized non-inferiority
trial comparing the Watchman™ to warfarin, was
published in 2009 [63]. A total of 707 eligible
patients were randomly assigned in a 2:1 ratio to
Watchman™ 2.5 implantation or warfarin, with
a target INR of 2-3. A primary composite end-
point of stroke, cardiovascular death, and systemic
embolism was analyzed on the basis of intention to
treat. At 1065 patient-years of follow-up, the pri-
mary efficacy event rate was 3.0 per 100 patient-
years in the intervention group and 4.9 per 100
patient-years in the control group, and the probabil-
ity of non-inferiority of the intervention exceeded
99.9%. This trial provided strong evidence favor-
ing the efficacy of percutaneous closure of the
LAA with the Watchman™ 2.5 and provided the
first alternative strategy to chronic warfarin ther-
apy for stroke prophylaxis in patients with NVAF.
However, two major concerns were raised regard-
ing PROTECT AF: 1) inclusion of NVAF with a
relatively low CHADS?2 score (2.6 for each group)
and 2) periprocedural complications, which were
driven primarily by pericardial effusion requir-
ing intervention. Despite the substantial improve-
ment in procedural safety and clinical benefits
observed in combined analysis of the PROTECT
AF trial and Continued Access Protocol Registry
[64, 65] with the Watchman™ 2.5 device, these
concerns remained. Consequently, the prospective
randomized PREVAIL trial was designed and con-
ducted, and the data were published in 2014 [66]. A
total of 407 patients with NVAF were enrolled 2:1
to receive the Watchman™ 2.5 (mean CHA2DS2-
Vasc 3.8) or warfarin (mean CHA2DS2-Vasc
3.9), with a mean follow-up of 18 months. Two

efficacy endpoints and one safety co-primary end-
point were assessed. LAAO with the Watchman™
2.5 was found to be noninferior to warfarin for
ischemic stroke prevention or systemic embo-
lism >7 days post-procedure. The adverse event
rates were low and were numerically comparable
between arms. This trial confirmed that the peripro-
cedural complications significantly improved with
increasing operator experience [64, 65] and pro-
vided additional data indicating that LAAO with
the Watchman™ 2.5 is a reasonable alternative to
warfarin therapy for stroke prevention in patients
with NVAF who do not have absolute contraindi-
cations for short-term warfarin therapy. In Europe,
the EWOLUTION study [67] was designed to pro-
spectively collect data on Watchman™ 2.5 perfor-
mance in a real-world clinical setting in a high-risk
patient cohort. Enrollment began in October 2013
and ended in May 2015. A total of 1025 participants
with a mean age of 73.4 years were scheduled to
receive the implant in 47 centers in 13 countries.
With a mean CHA2DS2-Vasc of 4.5 and HAS-
BLED score of 2.3 (73.3% contraindicated for
oral anticoagulation) this population was deemed
high risk. A high success rate of device implanta-
tion (98.4%) and efficacy in patients with ischemic
stroke were observed; the major bleeding rate was
2.6% and was predominantly (2.3%) unrelated to
the procedure or device.

The Watchman™ 2.5 became the first LAAO
device approved in the US (March 2015), although
it was removed from the US market shortly after
the second-generation device, the Watchman™
FLX, was released in August 2020. The 5-year
outcomes of the PREVAIL trial combined with the
5-year outcomes of the PROTECT AF trial clearly
demonstrated that LAAO with the Watchman™
2.5 device achieved stroke prevention in NVAF
comparable to that of warfarin, and provided addi-
tional decreases in major bleeding, hemorrhagic
stroke, and mortality [68, 69]. Even before US
FDA approval of the Watchman™ 2.5 device, the
National Cardiovascular Data Registry (NCDR)
considered developing a LAAO Registry in mid-
2014. Comprehensive post-approval data collec-
tion and analysis are essential for any potentially
transformative new therapeutic modality, such
as LAAO. NCDR, the Society of Cardiovascular
Angiography and Interventions, US FDA, CMS,
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and Boston Scientific were all participants, and col-
lected data on 38,158 Watchman procedures per-
formed by 1318 physicians in 495 hospitals in the
United States between January 2016 and December
2018. The report of this “real world” experience [70]
revealed a rate of major in-hospital adverse events
of 2.16%, including pericardial effusion requiring
intervention (1.39%) and major bleeding (1.25%),
whereas stroke (0.17%) and death (0.19%) were
rare. These real-world patients were older (mean
76.1 years), and had a higher mean CHA2DS2-
Vasc score (4.6) and HAS-BLED score (3.0), than
previous trial and registry patients. The median
number of LAAO procedures performed annually
was 28 for hospitals and 12 for physicians. Another
network meta-analysis included 19 randomized
controlled trials in a total of 87,831 patients with
NVAF receiving anticoagulants, anti-platelet ther-
apy, placebo, or LAAO [71]. Indirect comparison
with warfarin indicated an efficacy benefit favoring
LAAO over placebo and anti-platelet therapy; simi-
lar performance to NOACs/DOACs in preventing
mortality and stroke or systolic embolism; and sim-
ilar bleeding risk in patients with NVAF. Although
these studies are limited by the heterogeneity of the
design and patients, as well as the use of indirect
comparisons, they do provide reassuring evidence
in the absence of stronger data.

Watchman™ FLX: The Next Generation
Device

Although the first-generation device was associ-
ated with a relatively low risk of procedure-related
complications in practice, several important limi-
tations persisted regarding the matrix size, ability
to fully recapture the device, risk of perforation,
device-related thrombus formation, and peri-
device leak. To address these concerns, the second-
generation device, the Watchman FLX (Figure
3B), was designed and has been available since
November 2015 in Europe. The device includes
three major modifications in the 1) size, 2) shape,
and 3) fixation anchor (Figure 3C). The five avail-
able sizes (20, 24, 27, 31, and 35 mm) allow for
wider coverage of both smaller and larger LAA
ostia than provided by the Watchman™ 2.5. A
shortened length enables implantation in shallower
LAAs. The closed distal end also has a fluoroscopic

marker, which enhances procedural visibility. The
left atrial face is flat and has a reduced, minimal
metal screw area, thus facilitating endothelializa-
tion and decreasing post-implant thrombus forma-
tion. The nitinol 18-strut frame, as compared with
the 10-strut frame in the Watchman 2.5, provides
more contact points at the LAA ostium and radially
expands to maintain a proper position in the LAA.
Twelve J-shaped fixation anchors in two rows cre-
ate a proximal and a distal line to aid in device
stabilization for different anatomies of the LAA
(in contrast to ten in one row in the Watchman™
2.5). The new features of the Watchman™ FLX
also allow for a wide range of compression (10—
30% vs 8-20% recommended for the Watchman™
2.5), and repeated full recapture and redeployment
before the final release.

The clinical trial leading to the US approval of
the Watchman™ FLX, PINNACLE FLX, started in
May and ended in November of 2018; 400 patients
were enrolled, with a mean age of 73.8 years, a
mean CHA2DS2-Vasc score of 4.2, and a HAS-
BLED score of 2.0. The new device was associ-
ated with very low incidence of pericardial effusion
(0.5%) requiring intervention (4/400), which
occurred between 7 and 340 days post implantation.
According to the 12-month TEE, the rate of proce-
dural success was 100% at implant, and 0% peri-
device leak was observed [72]. The clinical value
of the Watchman™ FLX was further ascertained
by comparing the in-hospital outcomes for the
Watchman™ FLX and Watchman™ 2.5 devices.
On the basis of data from NCDR, the primary end-
point of in-hospital major adverse events, defined
as a composite of death, cardiac arrest, stroke, TIA,
intracranial hemorrhage, systemic arterial embo-
lism, major bleeding, major vascular complica-
tion, myocardial infarction, pericardial effusion
requiring intervention (percutaneous or surgical),
and device embolization, was compared between
the Watchman™ FLX (implanted between August
2020 and June 2021) and Watchman™ 2.5; each
arm included 27,013 patients [73]. Significantly
lower major adverse events were observed in the
Watchman™ FLX group (1.35% vs 2.40%); in
addition, in-hospital mortality (0.12% vs 0.24%),
major bleeding (1.08% vs 2.05%), cardiac arrest
(0.13% vs 0.24%), and device embolization (0.02%
vs 0.06%) were significantly lower. Myocardial
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infarction, stroke, and major vascular complica-
tions did not differ between groups. To date, no
trial has directly compared the Amulet™ (2" gen-
eration ACP) and Watchman™ FLX (2™ genera-
tion Watchman), although Amulet IDE and multiple
other studies have demonstrated comparable out-
comes between the Watchman 2.5 and Amulet. The
Watchman™ FLX currently dominates the US mar-
ket, whereas both the Amulet™ and Watchman™
FLX occupy a substantial share of the European
market. High device and implantation costs have
played an important role in slowing the adoption of
LAAO treatment in the US (Global Market Insights
2022).

LAmbre™

In Europe, Lifetech received CE mark approval for
the LAmbre™ closure system in June 2016. The
device is self-expanding, and is constructed from a
nitinol mesh and polyester membranes. (Figure 4).
It consists of a hook-embedded umbrella (lobe) and
a cover (disc) connected by a short central waist,
which functions as an articulating, compliant con-
nection between the cover and the umbrella, thus
allowing the cover to self-orient to the cardiac wall.
The distal lobe is composed of a nitinol frame with
two rows of eight perimetral anchors to ensure sta-
bility. The waist allows the disc and lobe to lie at

U-shape

Figure 4 L Ambre Device.

The LAmbre is a self-expanding nitinol-based device
consisting of a sewn-in polyethylene terephthalate fabric-
enriched cover disc and an umbrella connected with a short
central waist. The distal umbrella comprises eight claws with
individual stabilizing hooks, with a polyethylene terephtha-
late membrane on the distal face (modified from Lifetech
Scientific (Shenzhen) Co., Ltd.).

different angles without affecting the device stabil-
ity. The device is packaged in a pre-loaded delivery
sheath and is delivered in the LAA through an 8-10
F access sheath with full recapture and repositioning
capabilities. Two different types of manufactured
LAmbre™ device have been designed to accommo-
date single- and double-lobe LAA anatomies; the
single-lobe sizing is between 16 and 36 mm, and the
double-lobe sizing is between 16 and 26 mm.

Preclinical data in animal experiments dem-
onstrating the feasibility and high success rate
of the “an umbrella in the left atrial appendage”
were published in 2013 [74, 75]. A preliminary
study of 15 patients [76] and reports of the initial
European experience in 60 patients [77] demon-
strated an excellent implant success rate, favorable
implant properties, very low incidence of compli-
cations, and good mid-term performance regarding
stroke prevention. A prospective, multicenter study
[78] conducted in 153 patients with NVAF with a
CHADS?2 score =1 has demonstrated high success
(152/153) and a relatively low complication rate
(5/153). A systematic review including 403 patients
with NVAF [79] receiving the LAmbre™ device
has demonstrated an excellent implantation success
rate, promising follow-up clinical data, and favora-
ble properties for challenging LAA anatomies. The
first-in-human implantation of the LAmbre device
in the United States was described in 2021 [80],
and the clinical trial remains ongoing. US FDA
approval will be necessary before wide clinical
application can be achieved. Nonetheless, limited
clinical comparison studies appear to suggest that
the LAmbre™, Amulet™, and Watchman™ 2.5 all
have high implant success rates, low risk of peripro-
cedural adverse events, and good clinical outcomes
[76, 81-83].

WaveCrest

The WaveCrest™ (Biosense Webster, Diamond
Bar, CA, USA) LAAO device is a single lobe
device consisting of a self-expanding nitinol frame
covered by a polytetrafluoroethylene (ePTFE; also
known as Gore-Tex) knit fabric (Figure 5A). In
addition, a rim of polyurethane is located at the
end of the membrane where the device contacts the
myocardium, to promote endothelialization. Initial
preclinical testing and first-in-human studies were
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Figure 5 WaveCrest Device.

Initially named the Coherex Wavecrest LAAO System by
Coherex Medical, this device was purchased by Biosense
Webster in 2015 and is now named Wavecrest 1.3 (modified
from Biosense Webster).

performed in New Zealand in 2010. Enrolment in
the WaveCrest™ 1 phase II clinical study began in
2011, and the acute results for 63 patients were pre-
sented at EuroPCR 2013 [84]. The current genera-
tion device (WaveCrest™ 1.3) is available in three
sizes (22, 27, and 32 mm; Figure 5B) to cover LAA
ostia between 18 and 30 mm. The WaveCrest 1.3
device is an upgrade from the previous WaveCrest™
1.2 device, which received CE mark approval in
Europe in 2013. At the distal end, the frame perim-
eter is equipped with 20 fixation hooks to anchor
the device to the LAA and ensure its stability. The
hooks are retractable, thus separating the position-
ing of the device from its anchoring. The device
is packaged in a pre-loaded delivery sheath and
delivered into the LAA with a 12 F access sheath.
The WaveCrest has no radial force to aid in stabil-
ity. The major differences between the WaveCrest
1.2 and 1.3 devices are that the 1.3 device has more
anchors and an extended ePTFE cover.

The WaveCrest™ device implantation is a two-
step process: first the proximal expanded polytetra-
fluoroethylene cap/occluder is positioned, and then
the distal anchors are deployed. Incorporation of
foam into the edges of the occluder could poten-
tially enhance LAA sealing. Although this device

was granted a CE mark in 2013 and has been mar-
keted in Europe, it has not yet been approved in the
US.

A critical trial in the United States, WAVECREST
IT, was designed to be a prospective, multicenter, ran-
domized, active controlled clinical trial to evaluate
the safety and effectiveness of this LAAO System.
Participants (n = 1550) were to be randomized in
a 1:1 ratio to the treatment arm (WaveCrest™ II)
or the control arm (Watchman™ 2.5), to test the
hypothesis that the safety and effectiveness of the
WaveCrest™ II device are non-inferior to those of
the comparator Watchman™ 2.5. The trial enrolled
the first patient in January 2018 [85] and remains
“active” but not recruiting. As previously described,
the Watchman™ 2.5 device was removed from the
US market in March 2021.

A class I recall by US FDA for the WaveCrest™
LAAO 32-mm device was announced in August
2018 and terminated in November 2020. The rea-
son for the recall was that the tip of the delivery
sheath may fold or buckle during attempts to recap-
ture the 32-mm device, thus resulting in increased
retraction force, and difficulty or failure to recap-
ture the device. Therefore, any future comparisons
will need to be performed with the Watchman FLX
or Amulet as the control arm, before the US FDA
can grant approval.

LARIAT

The LARIAT is not strictly a “device” but is a loop
suture delivery system. It does not “occlude” the
LAAbutinstead “ligates” the appendage at the base/
ostia. The LARIAT system was described in detail
in preclinical studies [86, 87] as well as in humans
as an accompanying procedure during mitral valve
surgery or AF ablation more than a decade ago [88].
The delivery techniques have been well described
[87-90]. The LARIAT uses a snare (Figure 6A) that
is placed around the base of the LAA, and delivers
a suture loop that can ligate the LAA from the epi-
cardial surface and thereby exclude it from the left
atrium.

The LARIAT technique requires two points
of access: endocardial transseptal puncture for
placement of the balloon catheter and magnet
wire (Figure 6B&C), and epicardial loop suture
and magnet wire delivery. At the beginning of the
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Figure 6 The LARIAT System.

A: Epicardial LARIAT suture loop delivery system with
magnet tip guidewire. B: Endocardial and epicardial guide-
wires with magnet tip of opposite polarity. C: Endocardial
balloon catheter with magnet tip (modified from
SentreHEART, Inc.).

procedure, a 12 F catheter is placed in the peri-
cardial space to deliver an adjustable, pre-tied
suture loop (size 0 Teflon-coated, braided polyes-
ter suture; maximum diameter 40 mm) around the
LAA. The new system, LARIAT+, has a larger
snare accommodating LAA diameters as large
as 45 mm. Subsequently, an 8 F catheter with a
radiopaque inflatable (up to 20 mm) balloon tip
(Figure 6B) is placed in the LAA via a standard
transseptal sheath (8.5 F) to aid in precise location
of the epicardial suture loop. The first endocardial
magnet-tipped guidewire is placed near the apex
of the LAA. The second endocardial magnet-
tipped guidewire is placed at the tip of the LAA to
establish a stable connection between the wires of
opposite polarity. Initial clinical experience dem-
onstrated effective LAA closure with the LARIAT
device in 85 of 89 patients; 95% of patients at
3 months and 98% of patients at 12 months showed
complete ligation, on the basis of TEE, and the
access complications and periprocedural adverse
events were acceptably low [89]. In the early days

(before 2015), the periprocedural complications
were relatively high. Patients required hospital
stays at least overnight or potentially longer, and
pericardial drains were left in place for overnight
or longer [91-93].

Pericardial access remains challenging for most
electrophysiologists and interventional cardi-
ologists. A multicenter registry of 712 consecu-
tive patients undergoing LAA ligation with the
LARIAT at 18 US hospitals [94] has demonstrated
successful deployment in 682 patients (95.5%)
and complete closure in 669 patients (98%), and
has indicated improved complications because
of better patient selection, and improvements in
pericardial access techniques and periprocedural
care. Nonetheless, notable findings included an
acute perforation rate of 3.5%, delayed pericar-
dial and pleural effusion rates of 4.78% after dis-
charge, and follow-up TEE indicating leaks in
6.5% and thrombi in 2.5% of patients. Despite a
favorable report of collective European experi-
ence in 141 patients demonstrating the feasibility
of LAA exclusion with the LARIAT +, which indi-
cated 97.1% complete closure by TEE at 6 months
[95], an American study in 306 patients [96] has
reported a much higher rate of postprocedural leak
of 26.5% at the 1 month follow-up and 19.6%
at the 6 month follow-up, according to TEE. At
the median follow-up period of 15.9 months,
nine patients developed thromboembolic events
(2.9%). Thus, until randomized, controlled, pro-
spective trials compare results with those of newer
anticoagulants or the Watchman™ FLX/Amulet™
and report long term efficacy and safety data, the
clinical applications of the LARIAT system will
remain relatively limited.

Proximal sail Distal bulb

Hook

Figure 7 Ultraseal II Device (modified from Cardia).
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Ultraseal Device

The Ultraseal device (Cardia, Eagan, Minnesota) is
a self-expandable bulb-and-sail occluder (Figure 7)
that received CE mark approval in March 2016. The
nitinol device is composed of two parts: a soft dis-
tal bulb that anchors the device to the LAA through
12 stabilizing hooks and a three-leaflet multilayered
sail, with a proximal polyvinyl alcohol foam layer and
a distal polyester layer for LAA occlusion. The deliv-
ery systemis 10 F to 12 F. The fully retrievable device
allows for positioning and re-positioning as many
times as necessary to ensure accurate placement.
Modifications between the first- and second-
generation device [97, 98] have been made over the
past 3 years. The initial experience with the Ultraseal
I device preliminarily indicated its safety and feasibil-
ity in 12 patients with NVAF: no episodes of bleed-
ing, stroke, pericardial effusion, or device emboliza-
tion were observed at 45-day follow-up in this small
study group [99]. No cases of residual leaks >5 mm
were observed through TEE. One patient presented
device related thrombus without clinical conse-
quences. Another study in 23 consecutive patients
with NVAF has also demonstrated a high success rate

LA side (¥

of implantation (21/23) and extremely low complica-
tion rate at a mean follow-up of 166 = 80 days [100].
In a multicenter experience of 126 patients from 15
Canadian and European centers [101], this device was
successfully implanted in 97% of patients, and major
periprocedural adverse events (pericardial effusion,
stroke, or device embolization) occurred in only three
(2.4%) patients. At a median follow-up of 6 months,
the rates of stroke and TIA were 0.8% and 0.8%,
respectively, and no systemic emboli were observed.
Despite low rates of periprocedural complications
reported by previous studies, 2 of 18 patients expe-
rienced device fracture in another case series [102].

Recently, a multicenter international registry
including 52 patients with NVAF with 6-month fol-
low up [98] has reaffirmed the high success implan-
tation rates, low incidence of peri-procedural com-
plications, and favorable device safety profile of
the modified Ultraseal II. Clearly, larger studies
with longer clinical follow-up periods, involving
comparison of this device with the two currently
US FDA approved devices (Watchman FLX and
Amulet) are warranted to further evaluate safety and
efficacy before this device can be recommended for
wide clinical application.

ePTFE) fabric
cover

Implant

Figure 8 Conformal Left Atrial Appendage Seal (CLAAS) Device.
A: The form-based device, viewed from the LA and LAA sides. B: The delivery catheter and access sheath. C: Device attached
to a flexible suture tether and the delivery sheath. D: Model showing the CLAAS device in the LAA before release (modified

from Conformal Medical, Inc. and Sommer, et al., 2021).
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Conformal Device

The conformal left atrial appendage seal (CLAAS)
device (Conformal Medical, Inc., Nashua, NH)
includes an implant (Figure 8A) and a delivery
system (sheath and delivering catheter, Figure
8B). The implant (27 mm and 35 mm) is a self-
expanding occluder consisting of a cylindrical
nitinol endoskeleton with low-profile anchor barbs
around the midpoint, which is covered with a
porous foam cup made of polyurethane-carbonate
matrix foam (form-based device). The distal por-
tion of the form cup (LAA side) extends beyond
the endoskeleton and serves as an atraumatic lead-
ing edge during device implantation. Two rows of
anchors are present: ten in each row for the 27 mm
device and 12 in each row for the 35 mm device.
The foam is highly conformable and has a porous
surface promoting tissue ingrowth from the LAA.
The 27 mm device fits an 18 F short venous access
sheath, and the large system fits a 20 F sheath. The
implant is attached to the delivery catheter with a
flexible suture tether, which is used for recapture
and redeployment before final release (Figure 8C,
8D). Preclinical assessment performed in seven
dogs has demonstrated the conformability of the
CLAAS implant and its ability to seal the LAA
[103]. Histologic examination has indicated com-
plete neointima covering with minimal inflamma-
tion at 60 days. In the first clinical experience report,
the device was implanted in 18 of 22 patients with
NVAF with a CHA2DS2-Vasc score 24 and HAS-
BLED score >3 [104]. TEE at 45 days indicated one
leak >5 mm due to an unappreciated large posterior
LAA lobe at the time of implantation and one case
of device-associated thrombosis, which resolved
with prolonged anticoagulation. Four patients did
not receive the device because of the unavailability
of the large 35 mm device at the time of implanta-
tion (the 27 mm device was tested but was recap-
tured and retrieved because of an inadequate seal).
No periprocedural strokes, major pericardial effu-
sions, or systemic or device embolization occurred.
This first-in-human study, as part of the ongoing
device feasibility trial (NCT03616028), appears to
indicate the clinical feasibility of the CLAAS device
for LAAO. Another study in 15 patients with NVAF
with a CHA2DS2-Vasc score of 4.1 and a lower
HAS-BLED score (1.4) has demonstrated 100%

success in device implantation, with no procedure/
device-associated complications requiring interven-
tion [105]. An adequate LA A seal in all patients was
confirmed in follow-up TEE up to 12 months, and
device-associated thrombosis was detected in one
patient at 6 months. This study was performed by
using intracardiac echocardiography guidance. In
brief, although little experience has been described
to date, LAAO with the CLAAS device guided by
ICE imaging appears to be feasible and has shown
encouraging 1-year clinical outcomes. Despite the
highly promising features of this new device, it has
yet to receive CE mark approval. A much larger
randomized, controlled trial enrolling 1600 patients
and comparing CLAAS with the Watchman/Amulet
is currently ongoing (NCT05147792).

LAAO: Current Clinical Status

Both the Watchman™ FLX and Amulet™ are cur-
rently US FDA approved and are used in the US,
and the former is predominantly used. Both devices
share a major part of European market with other
CE mark approved devices also in use or in clini-
cal trials. The detailed market shares of various
LAAO devices in China and other Asian countries
are unclear. Three clinical situations are commonly
encountered in current LAAO therapy: advanced
age, impaired kidney function, and LAAO at the
time of NVAF ablation; thus, further discussion
is warranted. Patient age does not appear to be a
factor in recommending LAAQO therapy, accord-
ing to available data. A recent analysis of 36,065
LAAO recipients of the Watchman™ device,
34.6% (n=12,475) of whom were patients with
AF 80 years or older, has provided further support
in this regard [106]: after adjustment for potential
confounding variables, advanced age was not asso-
ciated with LAAO procedural-related adverse out-
comes including major complications, prolonged
length of hospital stay, or increased hospitalization
costs. In contrast, comparing to younger patients
inpatient mortality increased, thus probably reflect-
ing a frail population with a high burden of co-mor-
bidities, such as congestive heart failure, renal fail-
ure, and peripheral vascular disease. Analysis of the
EWOLUTION Registry has demonstrated similarly
high procedural success (98.8% vs 98.5%) and no
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differences in 7-day device- or procedure-associ-
ated adverse event rates in patients 85 years old or
younger [107]. Another multicenter registry study of
1053 participants receiving the ACP I has reported
that LAAO was associated with similar procedural
success (97.3%) in patients <75 or 275 years, and
the stroke and major bleeding rates were similar at a
mean follow up of 16.8 months [108]. Patients’ renal
function status also does not appear to affect LAAO
therapy. Patients with chronic kidney disease, par-
ticularly end-stage renal disease, are well known to
be prone to complications due to bleeding on oral
anticoagulation. NOACs/DOACs may be preferra-
ble to warfarin [109] in patients with NVAF with
impaired renal function. Available evidence indi-
cates that, in those patients, LAAO therapy is safe
and effective and can be considered an alternative to
NOACs/DOAC: for stroke prevention [109-111].

AF catheter ablation and LAAO could reason-
ably be considered simultaneously, because the two
percutaneous interventions share several proce-
dural issues and technical requirements. Clinically,
a combined procedure would provide an alternative
to antiarrhythmic drug (catheter ablation) for AF
symptomatic improvement and anticoagulation for
stroke prevention (LAAO). The earliest report in 30
patients, published a decade ago, has demonstrated
the safety and feasibility of this treatment [112], and
has been further supported by pooled data analysis
[113]. A propensity score matching analysis from the
US National Readmission Database has indicated
an annual growth rate of 63% between 2016 and
2019, and no significant difference in MACE and
all-cause 30-day readmission rates among patients
receiving the combined procedure, matched LAAO
only, or catheter ablation only [114]. A retrospec-
tive analysis of 1114 patients who underwent the
combined procedure in China has supported the
safety and long-term efficacy of this modality [115].
Model analysis has suggested that in symptomatic
patients with NVAF with high stroke and bleeding
risk who plan to undergo catheter ablation, the com-
bined procedure may be a cost-effective therapeu-
tic option particularly beneficial for patients with a
CHA2DS2-VASc risk score >3 [116]. Data from the
OPTION randomized controlled trial are awaited,
as discussed below.

Post LAAO anticoagulation/antiplatelet regi-
mens may vary according to the device and patient

clinical status. For the Watchman FLX, patients
may continue their anticoagulation (warfarin or
NOAC/DOAC) plus ASA 81 mg for 45 days, and
thereafter have their anticoagulation switched to
double antiplatelet treatment (clopidogrel or other
P2Y 12 inhibitor, plus ASA 81 mg daily) for another
4.5 months. Six months after device implanta-
tion, patients should take only ASA indefinitely.
Alternatively, patients may start a P2Y 12 inhibitor
plus ASA after device implantation for 6 months,
then take ASA 81 mg daily indefinitely thereaf-
ter. For the Amplatzer Amulet device, patients
should take double antiplatelets (P2Y12 inhibi-
tor plus ASA) for 6 months and ASA 81 mg daily
indefinitely thereafter. Until new clinical trial data
become available, the post LAAO anticoagulation/
antiplatelet therapy must be individualized on the
basis of patients’ risk/benefit profiles.

The current guidelines [6, 7] for LAAO ther-
apy were written when the Watchman™ FLX and
Amulet had not yet been approved. The IIb rec-
ommendations in both the ACC/AHA/HRS and
the ESC guidelines state that percutaneous LAA
occlusion may be considered in patients with AF
at elevated risk of stroke and contraindications to
long-term anticoagulation. With increased clinical
experience, improved device technology, decreased
periprocedural complication rates, and favorable
long-term efficacy and safety outcomes in large
numbers of patients, the next guidelines are antici-
pated to elevate the recommendations, at least in
certain populations of patients with NVAF.

Currently, for patients with NVAF at high risk of
stroke who would be exposed to excessive bleed-
ing risk with pharmacologic anticoagulation or
who have a history of poor drug compliance, any
CE mark approved LAAO device could arguably
be selected. Although the learning curves for all
available devices continue to evolve, the results of
ongoing clinical trials are awaited to answer many
questions in the LAAO area.

Ongoing Clinical Trials

OPTION (NCT03795298; Comparison of anti-
coagulation with left atrial appendage closure
after atrial fibrillation ablation): The purpose of
the OPTION study is to investigate whether LAA
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closure with the Watchman™ FLX device is a rea-
sonable alternative to oral anticoagulation after
percutaneous catheter ablation for NVAF. This
prospective randomized clinical trial aims to enroll
1600 patients from 130 global institutes. Patients
with a CHA2DS2-VASc score =2 in men or =3 in
women undergoing AF catheter ablation between
90 and 180 days before randomization (sequential),
or planning to undergo catheter ablation within
10 days of randomization (concomitant), will be
randomized 1:1 to the Watchman™ FLX and con-
trol. Control patients will start or continue market-
approved oral anticoagulation for the duration of
the trial. Follow-up in both the Watchman™ FLX
device and control groups will occur at 3, 12, 24,
and 36 months. The primary effectiveness nonin-
feriority endpoint is stroke (ischemic or hemor-
rhagic), all-cause death, or systemic embolism at
36 months. The primary safety superiority endpoint
is nonprocedural bleeding through 36 months. The
secondary noninferiority endpoint is International
Society on Thrombosis and Hemostasis (ISTH)
major bleeding through 36 months (including proce-
dural bleeding). This trial is active and has reached
full enrollment. Trial outcomes are expected to be
published in 2024.

CHAMPION-AF (NCT04394546; WATCH-
MAN™  FLX Versus NOAC for Embolic
ProtectlON in the Management of Patients with
Non-Valvular Atrial Fibrillation): This study is a
prospective, randomized, multi-center global inves-
tigation enrolling 3000 patients with NVAF with a
CHA2DS2-Vasc score =22 in men or =23 in women,
with 5-year follow up. Primary endpoints include 1)
non-inferiority of a composite of ischemic stroke/
TIA, systemic embolism, and cardiovascular death,
and 2) superiority of non-procedural major bleeding
(as defined by ISTH major bleeding and clinically
relevant non-major bleeding). Participants will
be randomized 1:1 to either the Watchman device
(““device group”) or a commercially available non-
vitamin K oral anticoagulant or novel oral antico-
agulant/direct oral anticoagulant (NOAC/DOAC).
The trial started in October 2020 and was originally
expected to be completed by December 2025 but has
been postponed to December 2027. OPTION and
CHAMPION-AF patients have average bleeding
risk and could choose either the occlusion device or
NOAC/DOAC.

CATALYST (NCT04226547; Clinical Trial of
Atrial Fibrillation Patients Comparing Left Atrial
Appendage Occlusion Therapy to Non-vitamin
K Antagonist Oral Anticoagulants): This clinical
investigation is a prospective, randomized, multi-
center active control worldwide trial. A total of 2650
patients with NVAF with elevated bleeding risk and
a CHA2DS2-Vasc score =23 will be randomized 1:1
to the Amulet™ LAAO device (“device group”)
and a commercially available NOAC/DOAC medi-
cation (“control group”). The choice of NOAC/
DOAC in the control group will be left to the dis-
cretion of the study physician. The objective of this
trial is to evaluate the safety and effectiveness of
the Amulet device compared with NOAC/DOAC
therapy in patients with NVAF at elevated risk of
ischemic stroke, who have been recommended to
receive long-term NOAC/DOAC therapy. Primary
endpoints include 1) non-inferiority of a compos-
ite of ischemic stroke/TTA, systemic embolism, and
cardiovascular death, and 2) superiority of major
bleeding or clinically relevant non-major bleeding
(ISTH) excluding procedural bleeding. The trial
started in July 2020 and 1s expected to complete
enrollment by December 2024; the expected study
completion date is in April 2029.

CLOSURE-AF (NCTO03463317; Left Atrial
Appendage CLOSURE in Patients With Atrial
Fibrillation Compared with Medical Therapy):
The study is sponsored by Charite University of
Germany and will enroll 1512 patients with NVAF
with a CHA2DS2-Vasc score 22 who are at risk of
bleeding or for whom anticoagulation is contrain-
dicated. Any CE mark approved occlusion device
will be included and compared with NOAC/DOAC
or VKA with 1:1 randomization. The trial began in
February 2018, the primary completion date is in
September 2023, and the study completion date is
in March 2025. The primary endpoint includes a
composite of ischemic or hemorrhagic stroke, sys-
temic embolism, major bleeding, and cardiovascu-
lar and unexplained death after a mean follow up of

2 years.
OCCLUSION-AF (NCT03642509; Left Atrial
Appendage Occlusion Versus Novel Oral

Anticoagulation for Stroke Prevention in Atrial
Fibrillation): The Occlusion-AF trial is designed
to compare LAAO to NOAC/DOAC therapy
for secondary stroke prevention in patients with
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NVAF with a high risk of recurrent thromboem-
bolic events, i.e., with previous ischemic stroke
or TIA, who are otherwise eligible for anticoagu-
lation. This study is sponsored by the University
of Aarhus and involves eight European hospitals.
Tested devices include both the Watchman FLX
and Amulet. This is a multicenter, randomized,
open-label non-inferiority trial with blinded out-
come evaluation comparing LAAO to NOAC/
DOAC therapy through a 1:1 stratified randomi-
zation design in 750 patients with NVAF and
ischemic stroke or TIA within 6 months before
enrollment. The trial started in January 2019,
enrollment is expected to be completed by January
2024, and the study is expected to be completed by
October 2030. The primary endpoint is the com-
bined rate of stroke, systemic embolism, major
bleeding, and all-cause mortality.

STROKECLOSE (NCT02830152; Prevention
of Stroke by Left Atrial Appendage Closure in
Atrial Fibrillation Patients After Intracerebral
Hemorrhage: A Multicenter Randomized Clinical
Trial): This is another European trial, sponsored
by Karolinska University Hospital. The aim of
STROKECLOSE is to assess the effects of LAAO
with the Amulet in decreasing the composite out-
come of stroke (ischemic and hemorrhagic),
systolic embolism, life-threatening or major bleed-
ing, and cardiovascular mortality in patients with
NVAF and prior intracerebral hemorrhage. This is
a multicenter prospective randomized open-label
clinical trial with blinded outcome evaluation and
blinded safety outcome assessment. The active
comparison will be LAAO against medical therapy
with 2:1 stratified randomization, involving 750
patients with NVAF with a history of ICH within
6 months before enrollment and a CHA2DS2-Vasc
score >2. The control group will receive medical
therapy according to national standards and guide-
lines at the treating physicians’ discretion, including
vitamin-K antagonists, NOAC/DOAC, antiplatelet
therapy, or no antithrombotic therapy at all. The
trial started in May 2017, the primary completion
date was estimated to be in May 2022 (but the study
is still recruiting), and the study is expected to be
completed by May 2030.

ASAP-TOO (NCT02928497; Assessment of the
WATCHMAN™ Device in Patients Unsuitable
for Oral Anticoagulation): This is a prospective,

randomized, multi-center, global investigation
aimed at establishing the safety and effectiveness of
the Watchman 2.5 in decreasing the risk of stroke in
participants (n = 481) with NVAF who are not can-
didates for anti-coagulation therapy. Participants
will be randomized 2:1 to receive the Watchman
2.5 device or a control treatment of either single
antiplatelet medication or no medication, at the
discretion of the study physician. The trial began
in February 2017, and the anticipated primary and
study completion dates are in December 2025. The
trial status is active but not recruiting. Watchman™
2.5 has been off the US market since the first quar-
ter of 2021, shortly after the US FDA approval of
the Watchman™ FLX in August 2020.

Conclusion

The earliest interventions designed to modify the
LAA for stroke prevention were for patients with
“valvular” or “rheumatic” AF, and were initiated
by cardiac surgeons. Similarly to current catheter
AF ablation therapy, which was adapted from surgi-
cal MAZE procedures [117], percutaneous LAAO
has followed surgical LAA intervention in terms
of its development, progression, and evolution.
Nonetheless, although substantial progress, with
demonstrated efficacy and safety, has been made in
LAAO therapy, many clinically relevant questions
remain to be addressed: 1) Compared with DOACs/
NOAUCGs, is LAAO more efficacious and safer in
patients with NVAF who do not have high bleeding
risk but still need stroke prevention? 2) For patients
with NVAF who have absolute contraindications
for anticoagulation, would LAAO or antiplatelet
agents be the preferred treatment option? 3) What
is the optimal post-LAAO regimen? Current thera-
pies range from short-term anticoagulation using
warfarin or DOACs/NOAC s, to single or double
antiplatelet agents, to no therapy at all. 4) Which
of the two US FDA approved devices, Watchman™
FLX and Amulet™, has better procedural safety
and long-term efficacy? 5) For devices that are
CE mark approved but not yet US FDA approved,
should more clinical trials involving comparison
with Watchman™ FLX or Amulet™ be performed
before broad guideline recommendations are
issued? Currently, high quality long-term follow
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up data are lacking for those devices. 6) What are
the best/most appropriate preprocedural, intrapro-
cedural, and follow-up imaging modalities, among
TEE, Micro-TEE, CCTA, and ICE? 7) What are the
safety, efficacy, and cost-effectiveness of LAAO in
patients with NVAF who require catheter AF abla-
tion or TAVR? 8) What are the treatment options
for patients with recurrent stroke/TIA who have had
successful LAAO? 9) Would LAAO be a replace-
ment or just complementary therapy for patients
with recurrent stroke/TIA who are already receiving
appropriate anticoagulation?

For the medical technology industry, future device
design and modification should focus on 1) mini-
mizing the risks of device-related thrombosis and
periprocedural pericardial effusion/tamponade, 2)
improving ease of use and device stability, 3) devel-
oping a smaller delivery sheath to minimize groin
access complications, and 4) developing a flexible/
steerable sheath mechanism to facilitate device
release for various LAA anatomies.

The academic community must also answer sev-
eral important questions: 1) Which types of LAA
anatomy have the highest risk of thrombus forma-
tion/stroke/TIA and therefore would benefit most
from LAAO? 2) What are the hemodynamic changes,
and mechanical and electrical remodeling/reverse
remodeling after LAAO [118, 119]? 3) Do important
biochemical and/or endocrinologic changes occur
after LAAO, and will they affect clinical outcomes
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