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Abstract

Atrial fibrillation (AF) is the most common cardiac arrhythmia and if untreated, significantly increases both the risk of intracardiac
thrombus formation and ischemic stroke. In patients with nonvalvular AF (NVAF), the left atrial appendage (LAA) has been estimated to
be the source of thrombus development in 91% to 99% of cases. Consequently, oral anticoagulation (OAC) to provide stroke prevention
has become the standard of care for most AF patients; however, OACs are associated with a risk of bleeding and their efficacy depends
on optimal patient compliance. In terms of alternative approaches to preventing embolic events, surgical LAA excision was attempted
as early as in the late 1940s in patients with valvular AF; LAA excision remains a recommendation in surgical guidelines for NVAF
patients who need open-heart coronary bypass or valvular replacement/repair surgeries. However, due to its invasive nature surgical LAA
intervention has limited clinical application in present cardiology practice. Percutaneous LAA occlusion (LAAO) is increasingly being
performed as an alternative to OAC for stroke prevention; this is particularly the case in patients at increased bleeding risk. Substantial
progress has been made in percutaneous LAAO therapy since its inception some twenty years ago. Herein we systematically review both
the critical literature that led to the development of LAAO, and the increasing clinical evidence supporting the application of this treatment
strategy in NVAF. To this end we focus on recently published critical evaluations of United States Food and Drug Administration (US
FDA) and Conformité Européenne (Commercial Sale of Licensed Product in the EU) (CE-Mark) approved LAAO devices, summarize
the current status of LAAO therapy, and discuss the future perspectives regarding the knowledge and technology gaps in this area by
recognizing the potential contributions of many ongoing but likely transformative clinical trials.
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1. Introduction

Thromboembolic complications, particularly stroke,
are among the most important adverse events associated
with atrial fibrillation (AF) [1–3], and the left atrial ap-
pendage (LAA), with its muscular trabeculations and of-
ten complex multilobular structure has long been consid-
ered the principal site of atrial clot formation [4,5]. Con-
sequently, apart from pharmacologic prevention of throm-
bus formation and embolization being a standard of care
consideration in the long-term treatment of most individ-
uals with AF [6,7], there also exists a substantial body of
clinical experience addressing the other methods of dimin-
ishing LAA-induced embolic risk, including device ther-
apy [8]. In this context, a degree of thrombotic risk reduc-
tion has been achieved by techniques that modify the LAA
anatomy to reduce its capacity to facilitate thrombus for-
mation. These techniques began with surgical methods to
amputate the LAA, or by suturing and closing the LAA os-
tium [9,10] with the objective of eliminating a clot provok-
ing LAA from releasing thrombi into the central systemic
circulation. While a degree of success has been reported by
these surgical approaches as discussed below, their utility is

limited by their invasive nature. Later, more readily appli-
cable catheter based LAA occlusion (LAAO) systems were
introduced and have gradually gained importance.

The goal of this review is to examine the role that the
LAA may play in intra-atrial thrombus development in AF
and summarize the recent evolution of the LAAO therapy.
Emphasis is focused on the increasing evidence favoring
trans-catheter LAAO given its potential value for stroke
prevention in many AF patients who cannot tolerate or have
contraindications to long-term conventional oral anticoag-
ulation.

2. Pertinent Terminology and Anatomy
2.1 Nonvalvular AF

The term nonvalvular AF (NVAF), sometimes also
called nonrheumatic AF, has been used since the 1970s to
differentiate AF in association with rheumatic heart disease
from AF in the absence of rheumatic heart disease. The
European Society of Cardiology (ESC) defined it as AF in
the absence of “rheumatic native or prosthetic heart valves”
in 2012. Shortly afterward the American Heart Associa-
tion (AHA)/American College of Cardiology (ACC)/ Heart
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Rhythm Society (HRS) 2014 guideline refined the defini-
tion to AF occurring in the absence of “rheumatic mitral
stenosis, mitral valve repair, mechanical, or bioprosthetic
heart valve”. The current definition of “valvular AF” only
applies to AF in the presence of any mechanical heart valve
or AF in the presence of moderate to severe mitral stenosis,
rheumatic or nonrheumatic in etiology. The current def-
inition is accepted by AHA/ACC/HRS and ESC, but the
ESC goes further to recommend that the term NVAF be
abandoned. As a result, it is evident that AF associated
with severe mitral regurgitation or aortic stenosis is not in-
cluded in the “valvular” AF by the current definition, unless
a mechanical valve has been placed in the patient for what-
ever etiology. For historic description both “valvular” and
“rheumatic” will be used in this review to differentiate the
subtype of AF from “nonvalvular” AF.

2.2 Left Atrial Appendage

The LAA is generally regarded as a vestigial remnant
of the primordial left atrium which forms during the fourth
week of embryonic development. Detailed discussions of
LAA anatomy, physiology, and pathophysiology can be
found in excellent reviews [11–13]. In general, the hook-
like diverticulum of LAA consists of one or more lobes with
a trabeculated wall due to parallel-running pectinate mus-
cles [14,15]. In health, the LAA is a highly contractile struc-
ture (contracts from its apex toward the base) and in sinus
rhythm the blood flow within the LAA lumen is sufficient
to minimize thrombus formation. However, during AF, the
contractility of the LAA is markedly reduced and the blood
flow within the lumen may become sufficiently slow favor-
ing thrombus formation [16,17]. The highly trabeculated
wall of the LAA, and the often-concomitant presence of fi-
brous tissue in the LAA and atria in AF patients also likely
play an important part in thrombogenicity. As such, the fib-
rillating trabeculated LAA with stasis of blood facilitates
coagulation activation and elevates the risk of thromboem-
bolism leading to an overall risk of stroke of approximately
5% every year [1,3].

In the 1950s when rheumatic valve disease was the
main cause of AF, it became recognized that the LAA was
responsible for about 50% of thromboses, with a conse-
quent 50% embolic risk reduction after LAA obliteration
at the time of the commissurotomy [18]. By the mid 1990’s
with the extensive clinical application of transesophageal
echocardiography (TEE), analyses suggested that left atrial
(LA) thrombi were present in LA cavity or were present in
the LAA and extended into the cavity in 57% of patients
with rheumatic AF. However, in nonrheumatic AF, about
90% of thrombi were largely isolated to the LAA [4]. As
for NVAF, it had become clear by the late 1970s that in-
creased risk of ischemic stroke was associated with AF in
the absence of significant valvular heart diseases [19–21].
The most recent data suggests that about 99% of thrombi in
NVAF are formed in the LAA [5].

The first amputations of the LAA in humans [22] were
reported shortly after the procedure was performed in an-
imal experiments in the late 1940’s [23,24]. After these
successful pioneering attempts, the procedure was subse-
quently performed at the time of mitral commissurotomy, to
alleviate the well-known high thrombogenicity associated
with mitral stenosis [18,25]. In facts concomitant surgical
excision of the LAA has been recently recommended in ad-
dition to ablation procedures in surgical guidelines [26].

Currently the LAA exclusion procedure is commonly
performed by resection, epicardial stapling, clip applica-
tion, or endo-atrial double-layer longitudinal suture closure
at the time of open-heart surgery for coronary bypass or
valvular repair/replacement [27–29]. Stapling appears to
have particularly poor outcomes, withmany patients having
a residual LAA stump and/or surgical line leakage, which
can be thrombogenic. LAA obliteration may reduce early
and late stroke rates by more than 50% and have modest
survival benefit [10]. The potential thrombogenicity of the
remnant appendage pouch is a matter of major concern ir-
respective of the surgical methods for LAA exclusion [30–
32]. In a nonrandomized retrospective study that compared
the efficacy of several surgical methods of LAA closure,
TEE revealed a successful closure in only 40% of the pa-
tients [33]. LAA thrombus was present in 41% with un-
successful LAA exclusion. Importantly, 13% of these pa-
tients had suffered strokes in the time from the operation
to when TEE was performed, be it successful or unsuccess-
ful closure [33]. Despite these shortcomings and less than
ideal outcomes, the recent LAAO III trial further supports
the efficacy of surgical LAA obliteration in ischemic stroke
prevention in NVAF patients [34].

3. LAAO Devices
The stimulus for investigating the possibility of per-

cutaneous LAA obliteration or occlusion was fourfold: (1)
As noted earlier, thrombus associated with nonrheumatic
AF occurs predominantly within the LAA in 91–99% of
patients [4,5]. (2) There are many patients in whom antico-
agulant drugs (warfarin or novel oral anticoagulants/direct
oral anticoagulants [NOACs/DOACs]) are not suitable as
therapy to reduce embolic stroke because of relative or
absolute contraindications, particularly bleeding disorders.
Additionally, real-world experience indicates that adher-
ence to anticoagulation is far from optimal, thereby leav-
ing many patients unprotected [35,36]. (3) Even in pa-
tients with chronic anticoagulation using either warfarin or
NOACs/DOACs there remains substantial risk of thrombus
formation in LAA despite medication compliance [34,37–
40]. (4) Surgical approaches aremore invasivemaking their
widespread application inappropriate for most AF patients,
apart from the residual remaining risks associated with rem-
nants of the LAA or residual leakage regardless of the sur-
gical exclusion methods. In the following discussion the
major LAAO devices will be described in chronological or-
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Table 1. LAAO devices in clinical use or trials with main studies referenced.
Devices Preclinical Studies FDA CE-Mark Withdrawn

PLAATO 2001 Refs. [41–48] 2007
Amplatzer

Occluder 2002 Ref. [49]
ACP I 2008 Refs. [50–55] 2008
Amulet 2012 Refs. [52–58] 2020 2013

Watchman
2.5 2005 Refs. [59–71] 2015 2005 2021
FLX 2015 Refs. [72,73] 2020 2015

LAmbre 2013 Refs. [74–79] 2016
WaveCrest 2010–2011 Refs. [80,81] 2013

LARIAT 2010 Refs. [82–92]
2006

20152009
2014

Ultraseal I/II 2015–2016 Refs. [93–97] 2016
CLAAS 2021 Refs. [98–100]
Abbreviations: FDA, food and drug administration (US); CE-Mark, Conformité Eu-
ropéenne (Commercial Sale of Licensed Product in the EU); PLAATO, percutaneous
left atrial appendage transcatheter occlusion; ACP, Amplatzer cardiac plug; CLAAS,
Conformal left atrial appendage seal; LAAO, left atrial appendage occlusion.

der. Timelines of device preclinical, United States Food
and Drug Administration (US FDA) and Conformité Eu-
ropéenne (Commercial Sale of Licensed Product in the EU)
(CE-Mark) approval, and main relevant studies are summa-
rized in Table 1 (Ref. [41–100]).

3.1 PLATTO: Early Stage Percutaneous LAAO

Following pilot feasibility study in animals [41], the
first percutaneous left atrial appendage transcatheter occlu-
sion device in human was described two decades ago [42]
with the detailed technique for implantation being summa-
rized a decade ago [43]. The device was made of a self-
expanding nitinol cage covered with an expanded polyte-
trafluoroethylene (ePTFE) membrane. The implant was
available with diameters of 15 to 32 mm and delivered
through a 12 F transseptal sheath under a combination of
TEE guidance and fluoroscopy. With this approach, LAA
was successfully occluded in 15 out of 15 “chronic” AF pa-
tients having a contraindication to warfarin (average age 69
± 5 years). TEE and chest X-ray confirmed stable implant
position with smooth atrial-facing surface and no evidence
of thrombus at one month follow-up. At 6-month follow-
up, percutaneous LAA occlusion (PLAATO) continued to
achieve an adequate seal of the neck of the LAA without
apparent effect on the structure or function of the atrium
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 [44]. With an av-
erage follow-up of 9.8 months, the study demonstrated an
overall procedure success in 108 out of 111 patients (97.3%)
with no migration or mobile thrombus on TEE at one and

six months after device implantation. Three patients in the
study did not receive a PLAATO device: one with left atrial
thrombus at the time of the procedure, one because of ves-
sel perforation during venous access, and a third who de-
veloped pericardial effusion causing tamponade after trans-
septal puncture. The conclusion was that the percutaneous
LAAO using the PLAATO system could be performed at
acceptable risk, and that this approach provided an alter-
native therapeutic option for patients with AF who were at
increased risk for ischemic stroke but who had a contraindi-
cation to long-term warfarin treatment. Additional studies
in small and medium numbers of high stroke risk AF pa-
tients reinforced the concept that LAAO using PLAATO
was relatively safe and effective although severe compli-
cations could occur [45–48]. Despite its apparent effec-
tiveness, the PLAATO device has not been available since
2007; its absence has been due to commercial and not med-
ical reasons.

3.2 Amplatzer™ Septal Occluder, Cardiac Plug, and
Amulet

The first study of LAAO with Amplatzer atrial sep-
tal occlusion devices (Fig. 1A) was published in 2003 [49].
A total of 16 patients with NVAF aged 58 to 83 years were
treated at four centers, with 14 of the patients receiving only
local anesthesia. One developed acute device embolization
requiring surgical removal. At 4 months follow-up, there
were no further complications; the devices remained in sta-
ble position and the LAA was completely occluded in all
cases. It should be noted that the device was initially de-
veloped for atrial septal defect closure and not specifically
designed for LAAO purpose. There were no further clini-
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cal data using the septal occlusion device until a subsequent
system, the Amplatzer Cardiac Plug (ACP I) was specifi-
cally designed for occlusion of the LAA [50–52]. The de-
vice (Fig. 1B,C, left) was made from a nitinol mesh and
Dacron in a lob and disc design, with 12 stabilizing wires
equally spaced about the main disc. The sizes of the lobes
ranged between 16 to 30 mm. This device was retrievable
and could be repositioned with successful deployment con-
firmed by intraprocedural TEE [51].

Most of the clinical data for ACP I came from the
ACP multicenter registry [53], with findings obtained in
1047 consecutive patients from 22 centers between Decem-
ber 2008 and November 2013. A total of 1001 patients
who underwent LAAO with the ACP I device had com-
plete follow-up. Clinical outcomes including stroke rate
and bleeding reduction in the device patients were analyzed
by comparing with their predicted risks by the CHA2DS2-
Vasc (Congestive heart failure, Hypertension, Age 65/75,
Diabetes, Stroke/transient ischemic attack (TIA), Coro-
nary artery disease or peripheral arterial disease) and HAS-
BLED (Hypertension, Abnormal liver or kidney function,
Stroke/TIA, Bleeding tendency or prior major bleeding,
labile international normalized ratio (INR), Elderly ≥65
years, Drugs/Alcohol) scores, respectively. Mean follow-
up was 13 months. Procedural success was achieved
in 1019/1047 patients (97.3%) with a total of 52 peri-
procedural major adverse events (4.97%) including deaths,
strokes/transient ischemic attacks (TIAs), and cardiac tam-
ponades. The study findings must be considered in light of
a number of limitations, including: (1) non-randomized de-
sign (no control group); (2) incomplete TEE follow-up; and
(3) self-reporting results without independent verification.

First generation ACP I major complications [53–55]
included peri-procedural stroke (0 to 2.3%), device em-
bolization (0 to 2.3%), device thrombosis (0 to 2.4%),
and pericardial effusion (1.1 to 3.5%). These adverse
events mandated that further technological improvements
be made. Consequently, a new generation device from Am-
platzer, Amulet (or ACP II) has been designed (Fig. 1B,C,
right), without changing the main frame of the ACP I.
The modifications were made to facilitate device implan-
tation and improve device sealing of the appendage after
implantation. The first in-human percutaneous LAAO us-
ing Amulet was performed in 2012 and published one year
later [52]. A multicenter prospective real-world registry
study including 1088 patients with NVAF was published
in 2017 [56]. In this latter population, long-term antico-
agulation was contraindicated in 82.8% and previous ma-
jor bleeding occurred in 72.4%. Device implantation was
successfully achieved in 99.0% and major adverse events
including death, major bleeding, tamponade requiring peri-
cardial drainage or surgery, significant vascular complica-
tions, stroke, and device embolization occurred in 3.2% of
patients during the index hospitalization. Available TEE
follow-up in 673 patients post-implantation showed ade-

quate (<3 mm jet) occlusion of the appendage in 98.2%
and device thrombus in 1.5%. Potential selection bias and
the fact that only approximately 62% of the study popula-
tion had follow-up TEE may have been important limita-
tions. Nonetheless, in this study population a total of 1078
patients did successfully receive an Amulet device. When
compared to a propensity score-matched control cohort of
1184 NVAF treated by direct oral anticoagulants (NOACs
/DOACs), at 2-year follow-up LAAO with Amulet was
found to have similar stroke prevention efficacy, but lower
risk of major bleeding and mortality after analyzing the pri-
mary outcome composite of ischemic stroke, major bleed-
ing, or all-causemortality [57]. After the investigational de-
vice exemption (IDE) trial [58] confirming the noninferior-
ity for safety and effectiveness of stroke prevention compar-
ing with the first US FDA approved Watchman™ Legacy
(March 2015) Amulet was approved by US FDA in August
2020. Procedure-related complications were noticed to be
higher with the Amulet occluder in earlier implants and de-
creased with operator experience.

3.3 Watchman 2.5/Legacy

Description of the Watchman device (Watchman 2.5
or Legacy) was first published in 2006 [59,60]. Enrollment
of PROTECTAF trial started in February 2005 and ended in
the summer of 2008. The pilot data was published in 2007
[61] and the complete study in 2009 [62]. The Watchman
left atrial appendage system includes an implant/device, a
delivery sheath (14 F), and a catheter (12 F). Watchman
implant consists of a self-expanding nitinol frame and a
permeable polyester fabric (Fig. 2A). It is evident that the
Watchman system and the PLAATO system are similar in
terms of material, designing concept (occlusive), and de-
livery. In the pilot Watchman study, a total of 75 patients
were recruited but only 66 patients successfully received
the implants. Nine patients did not receive the device due
to anatomical difficulty or device wire malfunction. Due to
complications (5 in the first 16 cases) the device and deliv-
ery system were modified to the current format. Pericardial
effusions occurred in 2 of the 75 cases (2.6%). At 45 days
TEE follow-up, 93% of devices showed successful sealing
of LAA according to protocol. Overall, the preliminary data
suggested LAAO with the first-generation Watchman sys-
tem was safe and feasible [61].

In the randomized non-inferiority PROTECT AF trial
comparing Watchman to warfarin [62], total of 707 eli-
gible patients were randomly assigned in a 2:1 ratio to
Watchman 2.5 implantation or warfarin with target inter-
national normalized ratio (INR) 2–3. Primary composite
endpoint of stroke, cardiovascular death, and systemic em-
bolism (SE) was analyzed by intention to treat. Follow-up
of 1065 patient-years demonstrated that the primary effi-
cacy event rate occurred at 3.0 per 100 patient-years in the
intervention, 4.9 per 100 patient-years in the control, with
the probability of non-inferiority of the intervention being
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Fig. 1. Amplatzer Septal Occluder (A), ACP I, and ACP II (Amulet) devices (B,C). Key feature is the double-disc design. Major
differences between ACP I and ACP II include: for the later (1) the stabilizing hooks are stiffer and increased from six pairs to up to 10
pairs; (2) the length of the distal lobe and the diameter of the proximal disc have been increased; (3) the waist between the distal lobe
and the proximal disc has been lengthened; and (4) the attaching screw on the proximal disc has been inverted (From St Jude Medical).
ACP, Amplatzer cardiac plug.

more than 99.9%. This trial offered strong evidence favor-
ing the efficacy of percutaneous closure of the LAA with
Watchman 2.5 and thereby provided an alternative strategy
to chronic oral anticoagulant therapy for stroke prophylaxis
in patients with NVAF. However, two major concerns were
raised regarding PROTECT AF. The first was inclusion of
NVAF with a relatively low CHADS2 score (2.6 for each
group), and the second was periprocedural complications
which were mainly driven by pericardial effusion requiring
intervention. Another concern for the PROTECT AF was
a higher dropout rate for the Warfarin group with extended
follow-up of 3.8 years because of the patients’ desire for

NOAC/DOAC and perceived lack of benefit from continu-
ing warfarin (i.e., bleeding complications). However, ana-
lyzed by the time in therapeutic range prior to withdrawal,
the higher-risk warfarin patients withdrawing biased the
study against the device group [63]. Despite significant im-
provement in procedural safety and clinical benefit by com-
bined analysis of PROTECTAF trial and Continued Access
Protocol (CAP) Registry [64,65] with Watchman 2.5 de-
vice, some of these concerns remained. Consequently, the
prospective randomized PREVAIL Trial was designed and
conducted with data published in 2014 [66]. A total of 407
NVAF patients were enrolled in a 2:1 design for Watchman
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Fig. 2. The 1st and the 2nd generation Watchman devices. (A) Watchman 2.5 (Legacy). (B) Watchman FLX. (C) Comparison of
the detailed parameters. Watchman 2.5 has been off the US market since the first quarter of 2021 (From Boston Scientific). LAAC, left
atrial appendage closure.

2.5 (Mean CHADS-Vasc 3.8) and warfarin (Mean CHADS-
Vasc 3.9) for a mean follow-up of 18 months. Two effi-
cacy and one safety co-primary endpoints were assessed.
LAAO with Watchman 2.5 was found noninferior to war-
farin for ischemic stroke prevention or systemic embolism
(SE) >7 days post-procedure. Adverse events were low
and numerically comparable in both arms. This trial con-
firmed that as operators gained experience the periprocedu-
ral complications were significantly improved [64,65], and
provided additional data that LAAO with Watchman 2.5 is
a reasonable alternative to warfarin therapy for stroke pre-
vention in patients with NVAF. A critical issue about this

study is the failure to meet the noninferiority of the pre-
specified first co-primary end point (composite of stroke,
systemic embolism, and cardiovascular/unexplained death)
by 18-month follow-up although the events in both groups
were similar. Part of the reason was the extremely low
stroke/TIA rate (0.71 per 100 patient-years) in warfarin
groupwith a CHADS2 score of 2.6. Other large randomized
controlled trials of stroke prevention using NOAC/DOAC
in NVAF that had included a warfarin demonstrated a much
higher event rate between 1.6–2.2 per 100 patient-year [66]
in the warfarin group. A significantly low incidence rate in
the warfarin group and a relatively small number of patients
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enrolled might have blunted the ability to detect a noninfe-
riority for PREVAIL.

In Europe the EWOLUTION study [67] was designed
to collect prospective data on Watchman 2.5 performance
in a real-world clinical setting in a high-risk patient co-
hort. A total of 1025 subjects mean-aged 73.4 were sched-
uled for implant in the study in 47 centers in 13 countries.
The study population was deemed high risk, having a mean
CHADS-Vasc of 4.5 and HAS-BLED score of 2.3 (73.3%
contraindicated for oral anticoagulation). Findings revealed
a high success in device implantation (98.4%) and efficacy
in ischemic stroke prevention. The major bleeding rate
was 2.6%, although predominantly (2.3%) non-procedure-
device related.

Watchman 2.5 became the first LAAO device ap-
proved in the US (March 2015) although it was removed
from the US market shortly after the second-generation de-
vice, Watchman FLX was released in August 2020. The 5-
year outcomes of the PREVAIL and PROTECT AF clearly
demonstrated that device provided stroke prevention com-
parable to warfarin, with additional reductions in major
bleeding, hemorrhagic stroke, cardiovascular and all-cause
mortality [68,69].

In 2014, even before the US FDA approval of the
Watchman 2.5 device, the National Cardiovascular Data
Registry (NCDR) considered developing an LAAO Reg-
istry. NCDR, the Society of Cardiovascular Angiography
and Interventions (SCAI), US FDA, Centers for Medicare
and Medicaid Services (CMS), and Boston Scientific were
all participants, collecting data in 38,158 Watchman pro-
cedures performed by 1318 physicians in 495 hospitals in
the United States from January 2016 to December 2018.
Description of this “real world” experience [70] revealed a
major in-hospital adverse events of 2.16% including peri-
cardial effusion requiring intervention (1.39%) and major
bleeding (1.25%), while stroke (0.17%) and death (0.19%)
were rare. Of note, the real-world patients were older (mean
76.1 years) and had a higher mean CHADS-Vasc score (4.6)
and HAS-BLED score (3.0) compared to previous Trial
and Registry patients. The median number of LAAO pro-
cedures performed annually for hospitals was 28 and for
physicians was 12. A separate meta-analysis included 19
randomized controlled trials with a total of 87,831 patients
with NVAF receiving anticoagulants, anti-platelet therapy
(APT), placebo or LAAO [71]. Analysis using warfarin
as the common comparator demonstrated efficacy bene-
fit favoring LAAO as compared with placebo and APT,
and similarity to NOACs/DOACs for preventing mortality
and stroke or systolic embolism, with similar bleeding risk.
While these studies have limitations in terms of design and
patient selection, they do provide reassuring evidence.

3.4 Watchman FLX: The Next Generation Device

Although Watchman 2.5 was associated with a rel-
atively low procedure-related complications with increas-

ing clinical experiences, limitations of this device including
the size, re-capturability, perforation, peri-device leak, and
device-related thrombus (DRT) persisted in clinical prac-
tice. To address these concerns the second-generation de-
vice, Watchman FLX (Fig. 2B) was designed and has been
available in Europe since November 2015. Major modifica-
tions in the second-generation device included (1) size, (2)
shape, and (3) fixation anchor (Fig. 2C). The new features
of Watchman FLX allow not only a wide range of compres-
sion (10–30% vs 8–20% recommended for Watchman 2.5)
but also full recapture and redeployment repeatedly before
final device release.

PINNACLE FLX, the clinical trial that led to the US
approval of Watchman FLX, enrolled 400 patients in 2018;
the mean-age was 73.8 with a mean CHA2DS2-Vasc score
of 4.2 and a HAS-BLED score of 2.0. The new device was
found to have very low incidence of pericardial effusion
requiring intervention (0.5%, 4/400) during follow-up of
7 to 340 days post implantation. Procedural success was
100% at implant with 0% peri-device leak by 12-month
TEE [72]. The clinical impact of Watchman FLX was
further ascertained by comparing in-hospital outcomes for
the Watchman FLX with Watchman 2.5. Using data from
NCDR the primary endpoint of in-hospital major adverse
events (MAE) was compared between Watchman FLX and
Watchman 2.5 with each arm included 27,013 patients [73].
MAE was significantly lower in the Watchman FLX group
(1.35% vs 2.40%). In addition, the in-hospital mortal-
ity (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 also significantly lower while my-
ocardial infarction, stroke, and major vascular complica-
tions did not differ between groups. Watchman FLX cur-
rently dominates the US market, while both Amulet and
Watchman FLX share most of the European market.

3.5 LAmbre™

In Europe LifetechScientific (Shenzhen, China) re-
ceived CE-Mark approval for the LAmbre closure system
in June 2016. The device is self-expanding and constructed
from a nitinol mesh and polyester membranes. It consists
of a hook-embedded umbrella (lobe) and a cover (disc) con-
nected by a short central waist which functions as an ar-
ticulating compliant connection between the cover and the
umbrella, allowing the cover to self-orient to the cardiac
wall. Two different types of devices were designed to ac-
commodate single- and double-lobe LAA anatomies, with
single-lobe sizing between 16 to 36 mm and double-lobe
sizing between 16 to 26 mm.

Preclinical data in animal experiments showing the
feasibility with high success rate for the “an umbrella in the
left atrial appendage” were published in 2013 [74,75]. Pre-
liminary study in 15 patients [76] and an initial European
experience in 60 patients [77] demonstrated an excellent
implant success rate, favorable implant properties, and very
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low incidence of complications with good mid-term perfor-
mance regarding stroke prevention. A prospective, mul-
ticenter study [78] conducted in 153 NVAF patients with
CHADS2 score ≥1 demonstrated high success (152/153)
and relatively low complication rate (5/153). A systematic
review including 403 NVAF patients [79] demonstrated ex-
cellent implantation success rate, promising follow-up clin-
ical data, and favorable properties for also challenging LAA
anatomies. First-in-Human implantation of the LAmbre de-
vice in the United States was described in 2021 [101] and
the clinical trial is ongoing. Wide clinical application will
have to await US FDA approval. In any event, limited
clinical comparison studies appear to suggest that LAmbre
Amulet and Watchman 2.5 all exhibit high implant success
rates, low risk of periprocedural adverse events, and good
clinical outcomes [76,102–104].

3.6 WaveCrest™

The WaveCrest (Biosense Webster, Diamond Bar,
CA, USA) is a single lobe LAAO device. Initial preclini-
cal testing and first-in-man studies were performed in New
Zealand in 2010. Enrolment in the WaveCrest 1 phase II
clinical study began in 2011 and acute results in 63 patients
were presented at EuroPCR 2013 [80]. The current gener-
ation device (WaveCrest 1.3) comes in three sizes (22, 27,
and 32 mm) to cover LAA ostia between 18 and 30 mm.
The WaveCrest 1.2 device received CE-Mark approval in
Europe in 2013. In the more recent WaveCrest 1.3 device,
the frame perimeter is provided with 20 fixation hooks to
anchor the device to the LAA and enhance stability. The
major differences between the WaveCrest 1.2 and 1.3 de-
vices are that the 1.3 device has more anchors and an ex-
tended ePTFE cover. Although this device has been granted
a CE-Mark since 2013 and marketed in Europe, it is not yet
approved in the US.

A pivotal trial within the United States, WAVECREST
II, a prospective, multicenter, randomized, active controlled
clinical trial was designed to evaluate the safety and effec-
tiveness of this LAAO System. Subjects (n = 1550) were
to be randomized in a 1:1 ratio to the treatment arm (Wave-
Crest II) or the control arm (Watchman 2.5), with the hy-
pothesis that safety and effectiveness of the WaveCrest II
device are non-inferior to the comparator Watchman 2.5.
The trial enrolled the first patient in January 2018 [81] and
is still “active” but not recruiting as the Watchman 2.5 de-
vice has been removed from the US market since March
2021. Going forward any device-device comparison will
have to be performed using Watchman FLX or Amulet as
the control arm.

3.7 LARIAT

Technically, LARIAT is not a “device” but rather a
loop suture delivering system that is designed to ligate the
appendage at the base/ostia. LARIAT system has been de-
scribed in detail in preclinical studies [82,83] as well as in

human application as an accompanying procedure during
mitral valve surgery or AF ablation more than a decade ago
[84]. LARIAT uses a snare to deliver a suture loop ligating
the LAA at the base from the epicardial surface, and thereby
exclude it from the left atrium [83–86].

The LARIAT technique requires two accesses: endo-
cardial transseptal puncture for balloon catheter and mag-
net wire placements and epicardial loop suture and mag-
net wire delivery. At the beginning of the procedure a 12
F catheter is placed in the pericardial space to deliver an
adjustable, pre-tied suture loop around the LAA. The new
system LARIAT+ has a larger snare accommodating LAA
diameters up to 45 mm. Then an 8 F catheter with a ra-
diopaque inflatable (up to 20 mm) balloon tip 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 en-
docardial magnet-tipped guidewire is placed near what the
operator perceives to be the apex of the LAA. Then a sec-
ond endocardial magnet-tipped guidewire is placed at the
tip of the LAA to establish a ‘stable connection’ between the
wires. Initial clinical experience demonstrated that LAA
closure with the LARIAT device could be performed effec-
tively in 85/89 patients. Complete ligation by TEEwas 95%
at 3 months and 98% at 12 months, with acceptably low ac-
cess complications and periprocedural adverse events [85].
Initially, patients required at least overnight or longer hos-
pital stay, with a pericardial drain left in place for overnight
or longer [87–89].

Pericardial access has long been and remains challeng-
ing for most electrophysiologists and interventional cardi-
ologists. A multicenter registry of 712 consecutive patients
undergoing LAA ligation with LARIAT at 18 US hospi-
tals [90] demonstrated successful deployment in 682 pa-
tients (95.5%) and complete closure in 669 patients (98%).
Nonetheless, acute perforation of 3.5%, delayed pericardial
and pleural effusion of 4.78% after discharge, follow-up
TEE showing a leak of 6.5%, and a thrombus in 2.5% of the
patients were significant. Despite a favorable collective Eu-
ropean experience in 141 patients demonstrating the feasi-
bility of LAA exclusion using LARIAT+ with 97.1% com-
plete closure by TEE at 6 months [91], an American study
of 306 patients [92] reported a much higher post procedural
leak of 26.5% at one month and 19.6% at 6 months of TEE
follow-up. At a median follow-up period of 15.9 months,
9 patients developed thromboembolic events (2.9%). It is
reasonable to assume that before randomized, controlled,
prospective trials against newer anticoagulants or Watch-
man FLX/Amulet with long term efficacy and safety data
are available clinical applications of LARIAT system will
be limited.

3.8 Ultraseal

The Ultraseal device (Cardia, Eagan, Minnesota) is
a self-expandable bulb-and-sail nitinol occluder which re-
ceived Conformité Européenne (CE-Mark) approval in
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March 2016. The device is composed of 2 parts: a soft
distal bulb and a distal polyester layer. The delivery system
is 10 F to 12 F. The fully retrievable device allows it to be
positioned and re-positioned as needed to ensure accurate
placement.

Initial experience with the Ultraseal I device demon-
strated safety and feasibility in 12 NVAF patients: At 45-
day follow-up there was no bleeding, stroke, pericardial
effusion, or device embolization in this small study group
[93]. Residual leak>5mmwas not observed by TEE in any
case. DRT was found in one patient, without clinical con-
sequences. Another study in 23 consecutive NVAF patients
also demonstrated high success rate of implantation (21/23)
and extremely low complication rate at a mean follow-up
of 166 ± 80 days [94]. In multicenter experience of 126
patients from 15 Canadian and European centers [95] the
device was successfully implanted in 97% of patients, with
major periprocedural adverse events (pericardial effusion,
stroke, device embolization) occurring in only 3 (2.4%) in-
stances. At a median follow-up of 6 months the rates of
stroke and transient ischemic attack were 0.8% and 0.8%,
respectively, with no systemic emboli. Despite low peripro-
cedural complications reported by previous studies, 2 out of
18 patients were found to have device fractures in another
case series [96].

Recently in a multicenter international registry [97]
comprising 52 NVAF patients with 6-month follow-up the
modified Ultraseal II seems to have reaffirmed the high suc-
cess implantation rates, low incidence of peri-procedural
complications, and improved device safety profile. Larger
studies with longer clinical follow-up, especially incorpo-
rating comparison with the existing US FDA approved two
devices (Watchman FLX and Amulet) are needed to further
evaluate safety and efficacy before recommending this de-
vice for wide clinical application.

3.9 Conformal Left Atrial Appendage Seal

The Conformal Left Atrial Appendage Seal (CLAAS)
device (Conformal Medical, Inc., Nashua, NH, USA) in-
cludes an implant and a delivery system (sheath and deliv-
ering catheter). The implant (27 mm and 35 mm diameter
options) is made of a self-expandable cylindrical nitinol en-
doskeleton covered by porous polyurethane-carbonate ma-
trix foam. The distal portion of the form cup (LAA side)
extends beyond the endoskeleton to serve as an atraumatic
leading edge during device implantation. There are two
rows of anchors: 10 each for the 27 mm device and 12 each
for the 35 mm device. The foam is highly conformable
and has a porous surface area promoting tissue ingrowth
from the LAA. The 27 mm device fits an 18 F short ve-
nous access sheath, and the 35 mm device fits a 20 F sheath.
The implant is attached to the delivery catheter with a flex-
ible suture tether for recapture and redeployment before fi-
nal device release. Preclinical assessment performed in 7
dogs demonstrated the conformability of the CLAAS im-

plant and its ability to seal the LAA [98]. First clinical
experience reported that the device could be implanted in
18 of 22 NVAF patients with a CHA2DS2-Vasc score of
≥4 and HAS-BLED score of ≥3 [99]. TEE at 45 days
found one leak >5 mm due to unappreciated large poste-
rior LAA lobe at the time of implantation, and one device-
related thrombosis which resolved with prolonged antico-
agulation. Four patients failed to receive the device due to
the unavailability of the large 35 mm device at the time of
implantation (the 27 mm device was tried but recaptured
and retrieved due to the inadequate seal). There were no
periprocedural strokes, pericardial effusions requiring in-
tervention, or systemic or device embolization. This first-
in-human study as part of the ongoing device feasibility trial
(NCT03616028) appears to show the clinical feasibility of
the CLAAS device for LAAO. Another study in 15 NVAF
patients with a CHADS-Vasc score of 4.1 and a lower HAS-
Bled score (1.4) demonstrated 100% success in device im-
plantation with no procedure/device-related complications
requiring intervention [100]. Adequate LAA seal in all pa-
tients was confirmed by follow-up TEE up to 12 months
post-implant, with one device-related thrombus detected at
6 months. This latter study was performed using intrac-
ardiac echocardiography guidance. In brief, although ex-
perience to date is small, LAAO with the CLAAS device
guided by intracardiac echocardiography (ICE) imaging ap-
pears to be feasible with encouraging 1-year clinical out-
comes. Nevertheless, it has yet to receive CE-Mark ap-
proval and a larger randomized, controlled trial (The CON-
FORM Pivotal Trial) comparing CLAAS with Watchman
FLX and Amulet is ongoing in the US currently (Table 2).

4. LAAO: Current Clinical Status and
Ongoing Clinical Trials
4.1 US FDA Approved Devices

Currently, both Watchman FLX and Amulet are US
FDA approved and being used in the US, with the former
dominating the marketplace. Both devices share a major
part of European market with other CE-Mark approved de-
vices also being in use or in clinical trials. The detailed
market shares of various LAAO devices in China and other
Asian countries are yet unclear. Randomized, controlled
trials comparing the clinical performance of the two devices
are lacking currently. With one year follow-up in a co-
hort of 51 patients (25 Watchman 2.5, 26 Amulet) the peri-
device leak was found significantly higher in the Watch-
man 2.5 group [105]. A single center experience comparing
Amulet (n = 150) and Watchman FLX (n = 150) demon-
strated a significantly lower peri-device leak in the latter
group [106]. A meta-analysis including 25 studies of 4186
patients (Amulet = 3187; Watchman FLX = 999) seems
to suggest that Watchman FLX is associated with a lower
incidence of periprocedural adverse events including peri-
device leak [107].
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Table 2. Ongoing Clinical Trials. Dates denote actual study starting date and estimated primary completion date.
Name NCT # Subjects Dates

OPTION N = 1600 NCT03795298 Comparison of Anticoagulation with Left Atrial Appendage Closure after
Atrial Fibrillation Ablation

05/2019–11/2024

CHAMPION-AF N = 3000 NCT04394546 WATCHMAN™ FLX Versus NOAC for Embolic ProtectION in in the
Management of Patients with Non-Valvular Atrial Fibrillation

10/2020–12/2027

CATALYST N = 2650 NCT04226547 Clinical Trial of Atrial Fibrillation Patients Comparing Left Atrial Ap-
pendage Occlusion Therapy to Non-Vitamin K Antagonist Oral Antico-
agulants

07/2020–12/2024

CLOSURE-AF N = 1512 NCT03463317 Left Atrial Appendage CLOSURE in Patients With Atrial Fibrillation
Compared to Medical Therapy

02/2018–09/2023

OCCLUSION-AF N = 750 NCT03642509 Left Atrial Appendage Occlusion Versus Novel Oral Anticoagulation for
Stroke Prevention in Atrial Fibrillation

01/2019–01/2024

STROKECLOSE N = 750 NCT02830152 Prevention of Stroke by Left Atrial Appendage Closure in Atrial Fibrilla-
tion Patients After Intracerebral Hemorrhage: A Multicenter Randomized
Clinical Trial

05/2017–12/2027

ASAP-TOO N = 481 NCT02928497 Assessment of the WATCHMAN™Device in Patients Unsuitable for Oral
Anticoagulation

02/2017–12/2025

ASPIRIN LAAO N = 1120 NCT03821883 Aspirin Discontinuation After Left Atrial Appendage Occlusion in Atrial
Fibrillation

06/2020–06/2022

CLEARANCE N = 550 NCT04298723 Comparison of LAA-Closure vs Oral Anticoagulation in Patients With
NVAF and Status Post Intracranial Bleeding

06/2020–06/2025

The CONFORM Pivotal Trial
N = 1600

NCT05147792 An Evaluation of the Safety and Effectiveness of the Conformal CLAAS
System for Left Atrial Appendage Occlusion

05/2022–08/2026

Abbreviations: NCT, national clinical trial; NOAC, novel oral anticoagulant; LAA, left atrial appendage; NVAF, non-valvular atrial fibrillation;
CLAAS, Conformal left atrial appendage seal.

4.2 Special Clinical Situations

Four clinical situations that are commonly encoun-
tered in current LAAO therapy merit consideration: ad-
vanced age, impaired kidney function, LAAO at the time
of NVAF ablation, and LAAO in high stroke risk and high
bleeding risk NVAF patients on NOAC/DOAC. Patient’s
age does not seem to be a factor in recommending LAAO
therapy based upon available data. A recent analysis of
36,065 LAAO recipients using Watchman device, of which
34.6% were aged 80 years or older, provides support in
this regard [108]. After adjusting for potential confounding
variables, advanced age was not associated with procedure-
related adverse outcomes including major complications,
prolonged length of hospital stays, or increased hospital-
ization costs. On the other hand, inpatient mortality was
increased probably reflecting a frail population with higher
co-morbidities including congestive heart failure, renal fail-
ure, and peripheral vascular disease in the elderly. Analysis
of EWOLUTION Registry demonstrated that the procedu-
ral success was high and similar (98.8% vs 98.5%) and there
were no differences in 7-day device- or procedure-related
adverse event rates for those aged 85 year older or younger
[109]. Another multicenter registry study of 1053 subjects
using ACP I also demonstrated that LAAO was associated
with similar procedural success (97.3%) in patients aged

<75 and ≥75 years, with stroke and major bleeding rates
being similar at a mean follow-up of 16.8 months [110].
Patient’s renal function status also does not seem to affect
LAAO therapy. It is well-known that patients with chronic
kidney disease and especially end-stage renal disease are
at increased complications due to bleeding on oral antico-
agulation. NOACs/DOACs may be preferrable to warfarin
[111] in NVAF patients with impaired renal function. Avail-
able evidence has shown that in those patients LAAO ther-
apy is safe and effective and can be considered as an alter-
native to NOACs/DOACs for stroke prevention [111–113].

It is reasonable to consider undertaking AF catheter
ablation and LAAO at the same time because the two per-
cutaneous interventions share some procedural issues and
technical requirements. In clinical terms the combined pro-
cedure could be deemed equivalent to combining antiar-
rhythmic drugs for AF symptomatic improvement and an-
ticoagulation for stroke prevention. The earliest report in
30 patients published a decade ago demonstrated the safety
and feasibility [114], and this was further supported by
pooled data analysis [115]. Propensity score matched anal-
ysis from the US National Readmission Database demon-
strated an annual growth rate of 63% between 2016 to
2019, with no significant difference in major adverse car-
diovascular events (MACE) and all-cause 30-day readmis-
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sion rates among combined procedure patients compared
with matched LAAO-only or catheter ablation-only patient
[116]. A retrospective analysis of 1114 patients who un-
derwent the combined procedure in China supported the
safety and long-term efficacy [117]. Model analysis sug-
gested that in symptomatic NVAF patients with high stroke
and bleeding risk who are planned for catheter ablation, the
combined proceduremay be a cost-effective therapeutic op-
tion and more beneficial to those with CHADS-VASc risk
score ≥3 [118]. Randomized controlled data will have to
await the outcome of the OPTION trial (Table 2).

Current clinical guidelines [6,7] regarding LAAO
therapy were written at a time when neitherWatchman FLX
nor Amulet had been approved. The IIb recommendation in
both theACC/AHA/HRS and the ESC guidelines stated that
percutaneous LAA occlusion may be considered in patients
with AF at increased risk of stroke who have contraindi-
cations to long-term anticoagulation. Given subsequent in-
creased clinical experience, both improved device technol-
ogy and periprocedural complication rates, and favorable
long-term efficacy and safety outcomes in large number of
patients, it is likely that the next guidelines will offer ele-
vation in recommendation, at least in certain populations
of NVAF patients. To this point, the PRAGUE-17 trial
[119,120] has demonstrated the non-inferiority of LAAO
in composite end points including cardiovascular death,
all stroke/TIA, and clinically significant bleeding events
at both mid-term follow-up of 19.9 months and long-term
follow-up of 3.5 years in a high stroke risk/high bleeding
risk population (CHA2DS2-Vasc 4.7 ± 1.5; HAS-BLED
3.1 ± 0.9) on NOAC/DOAC. Non-procedural bleeding is
significantly reduced at long-term follow-up. Outcome data
comparing LAAO with NOAC/DOAC in average risks of
stroke and bleeding NVAF population also awaits ongoing
clinical trials including CHAMPION-AF and CATALYST
(Table 2).

4.3 Imaging Techniques

The imaging techniques for LAAO have also been
evolving. TEE with 2D and color doppler and fluoroscopy
were the original imaging techniques for guiding LAAO
and were required for all pivotal clinical trials. These tech-
niques are currently the major and likely remain to be the
dominant modalities for LAAO therapy in the future. Over
the past 20 years other imaging techniques such as com-
puted tomography (CT), ICE, and micro-transesophageal
echocardiography (micro-TEE) are also being evaluated
and adopted to (for) the application of LAAO. Detailed
discussion for each of these techniques is beyond the
scope of this review but TEE with both 2D and 3D imag-
ing [121,122] and high-resolution CT [123] are the most
frequently used techniques for preprocedural assessment
of LAA anatomy, ruling out intracardiac thrombus, and
post procedural follow-up regarding device seal of the ap-
pendage and device related thrombosis. TEE is also the

main intraprocedural imaging technique guiding the device
implantation. The undesirable features of TEE include its
invasiveness, requirement for fasting, and general anesthe-
siology support during device implantation. In addition,
some patients may have pre-existing esophageal patholo-
gies such as esophageal stricture or vein varices that make
the probe placement difficult and risky, especially in pa-
tients with significant coagulopathy. The non-invasiveness
of CTwith remarkably high spatial resolutionmakes it ideal
for pre- and post-procedural LAAO evaluations and has
been used with increasing frequency. The requirement for
contrast injection, especially in those with significant kid-
ney disease, and radiation exposure are the main limita-
tions. ICE [124] is used primarily for guiding transsep-
tal puncture and device deployment. The technique is fa-
miliar to most electrophysiologists. Major advantages of
ICE include avoidance of TEE probe placement and gen-
eral anesthesiology support during the procedure. Limited
catheter maneuverability and imaging quality, requirement
for dilation of transseptal or additional transseptal punc-
ture to advance the catheter into the left atrium, and addi-
tional venous access site are the main disadvantages. ICE
with 3D and 4D capabilities may improve the imaging qual-
ity. A recent meta-analysis seems to suggest that TEE
and ICE guided LAAO procedures have equivalent clinical
outcomes, including procedural success, fluoroscopy time,
total procedural time, and complication rate [125]. The
miniaturized multiplane micro-TEE probe (Philips Medical
Systems, Andover, MA, USA) was originally designed for
infants. The transducer tip width and height are only 7.5
mm and 5.5 mm, respectively. In a study [126] performed
under conscious sedation micro-TEE guided LAAO was
found to be safe and effective compared to the traditional
TEE guided procedures which otherwise require deep seda-
tion by anesthesiologist. With multiple imaging modalities
available selection of LAAO related imaging techniques
could be individualized, based on patient’s clinical comor-
bidity, implanter proficiency, and institutional support.

4.4 Post LAAO Medical Therapy

Currently there are no randomized controlled trials
comparing post LAAO anticoagulation and antiplatelet reg-
imen in terms ofmedications and duration, and therefore the
optimal post-LAAOmedical therapy remains to be defined.
In PROTECT AF and PREVAIL warfarin for 45 days was
recommended post-Watchman 2.5 implantation. Thereafter
clopidogrel replaced warfarin for another 4.5 months. ASA
was recommended indefinitely post implantation. Coinci-
dental with USFDA approval of Watchman 2.5 in March
2015 there has been increasing use of NOAC/DOAC in
NVAF patients. In those patients NOAC/DOAC could re-
place warfarin for 45 days post implantation. The same rec-
ommendation applies to Watchman FLX after its approval
in August 2020, although due-antiplatelet (Clopidogrel plus
ASA) regimen post Watchman FLX implantation was also
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approved by USFDA in 2022. Six months after successful
device implantation patients may stop taking clopidogrel
but continue ASA indefinitely. Post Amulet implantation
will be due-antiplatelet for 6 months and thereafter ASA
indefinitely based on the Amulet IDE trial [58]. In neither
the US nor the EU current cardiology practice routinely fol-
lows the post-procedure treatment protocols studied in piv-
otal trials, with various antithrombotic and anticoagulation
regimens being reported [127,128]. In the absence of ran-
domized controlled clinical trials post LAAO medical regi-
mens need to be individualized taking into consideration of
available trial data and device vendor recommendations, in-
dividual patient’s stroke and bleeding risk profiles as well as
other comorbidity such as hypercoagulable state or kidney
function, characteristics of different device types, implan-
tation outcome including residual peri-device leak, depth in
the LAA, and procedural complications, and post implan-
tation (45–90 days) TEE/CT imaging information (resid-
ual leak or DRT). If significant peri-device leak or DRT is
present, anticoagulation should be prolonged until DRT and
leak are resolved, or leak becomes acceptable.

At the present time it might be fair to argue that
for NVAF patients who are at substantial risk for stroke,
yet in whom pharmacologic anticoagulation presents ex-
cessive bleeding risk or who have exhibited poor drug
compliance, any CE-Mark approved LAAO device can
be selected. However, many LAAO therapy-specific and
device-specific questions remain to be addressed in ongo-
ing clinical trials (Table 2).

5. Future Perspectives
While considerable progress has been made in trans-

catheter LAAO therapy, there are still many questions to be
addressed. Some of the more important include:

5.1 Clinical Concerns
(1) Whether LAAO would be more efficacious and

safer compared to DOACs/NOACs, in those NVAF patients
who do not have high bleeding risk but still need stroke pre-
vention is uncertain?

(2) Would LAAO or antiplatelet agents be the pre-
ferred treatment option for NVAF patients who have con-
traindications to anticoagulation?

(3) What is the optimal post-LAAO regimen? Cur-
rent therapies range from short-term anticoagulation using
warfarin or DOAC/NOAC to single or double antiplatelet
agents or no therapy at all.

(4) Is there a difference between the two currently
available US FDA approved devices, (i.e., Watchman FLX
and Amulet) regarding procedural safety and long-term ef-
ficacy?

(5) Currently high-quality long-term follow-up data
are lacking for those LAAO devices that are CE-Mark ap-
proved but not-yet US FDA-approved devices. Should
head-to-head clinical trials versus Watchman FLX or
Amulet be required?

(6) What is/are the best/most appropriate preproce-
dural, intraprocedural, and follow-up imaging modalities:
TEE, Micro-TEE, coronary computed tomography angiog-
raphy (CCTA), or ICE?

(7)Would LAAObe a replacement or just complimen-
tary therapy for recurrent stroke/TIA patients who are al-
ready on appropriate anticoagulation?

(8) What are the most appropriate treatment options
for patients who have had optimal LAAO and appropriate
post implantation antiplatelet/anticoagulation therapy, yet
still developed stroke or TIA?

5.2 Industry Issues
For the medical technology industry, future device de-

sign and modification might focus on:
(1) Minimizing risks of device-related thrombosis and

periprocedural pericardial effusion/tamponade,
(2) Improving ease of device delivery, stability, and

retrieval use,
(3) Designing smaller French size delivery systems to

minimize groin access complications, and
(4) Providing flexible/steerable sheath mechanisms to

facilitate device release for various LAA anatomies.

5.3 Academic Concerns
The academic community also has a significant role to

play in contributing to advances of LAAO therapy as well:
(1) Which type/s of LAA anatomy would possess the

highest risk for thrombus formation/stroke/TIA and there-
fore benefit the most from LAAO?

(2) What are the hemodynamic changes, mechanical,
and electrical remodeling/reverse remodeling after LAAO
[119,120]?

(3) Are there significant biochemical and/or en-
docrinologic effects after LAAO and will those changes af-
fect clinical outcome [129,130]?

(4) Is LAAO pro-arrhythmic, anti-arrhythmic, or
arrhythmia-neutral?

(5) Is device intervention cost-effective? Does LAAO
therapy remain cost-effective in the elderly where operative
risk may be greater and duration of anticoagulant therapy
being relatively short?

5.4 General Topics
For clinicians, industry, and academic communities,

what is the role of LAAO for valvular AFs who are cur-
rently excluded from LAAO trials? The world-wide bur-
den of valvular AF is substantial with about 30% of AF pa-
tients having some form of valvular heart disease detectable
by echocardiography [131]. Further, in less-well developed
countries the prevalence of rheumatic heart disease remains
high, and most cases of AF are attributable to rheumatic
heart disease and would be considered valvular AF [132].
Answers to these questions will undoubtedly impact the ul-
timate utility of LAAO therapy.
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6. Conclusions
Trans-catheter LAAO therapy has achieved a level of

clinical acceptability in terms of embolism protection and
procedural safety. Further, a number of innovative de-
vices are currently either approved for use in the USA or
in Europe, or both. Other LAAO devices and strategies
are currently undergoing clinical evaluation; as more be-
come clinically available, the options available for various
anatomic and clinical circumstances will grow. The next
step will then be updating LAAO clinical guidelines to keep
pace with both technological advances, and the inevitable
improved understanding of the appropriate LAAO clinical
landscape.

Abbreviations
ACC, American college of cardiology; ACP, Am-

platzer cardiac plug; ACP II, Amulet; AF, atrial fibrillation;
AHA, American heart association; APT, antiplatelet; CAP,
continued access protocol; CCTA, coronary computed to-
mography angiography; CE-Mark, Conformité Européenne
(Commercial Sale of Licensed Product in the EU); CMS,
centers for medicare and medicaid services; CT, computed
tomography; DOACS, direct oral anticoagulants; DRT, de-
vice related thrombosis; ePTFE, expanded polytetrafluo-
roethylene; ESC, European society of cardiology; HRS,
heart rhythm society; ICE, intracardiac echocardiography;
IDE, investigational device exemption; INR, international
normalized ratio; LA, left atrium; LAA, left atrial ap-
pendage; LAAO, left atrial appendage occlusion; MACE,
major adverse cardiovascular events; MAE, major ad-
verse events; Micro-TEE, micro-transesophageal echocar-
diography; NCDR, national cardiovascular data registry;
NOACS, novel oral anticoagulants; NVAF, nonvalvular
atrial fibrillation; OAC, oral anticoagulation; PLAATO,
percutaneous LAA transcatheter occlusion; SCAI, society
of cardiovascular angiography and interventions; SE, sys-
temic embolism; TEE, transesophageal echocardiography;
TIA, transient ischemic attack; US FDA, United States food
and drug administration.

Author Contributions
XH–design, literature search, tables, figures, writ-

ing, revision, and responses to reviewers. DGB—literature
summary, writing, revision. Both authors have read and
agreed to the published version of the manuscript. Both au-
thors have participated sufficiently in the work and agreed
to be accountable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Thanks to the reviewers for their constructive sugges-

tions which helped refine and improve the manuscript.

Funding
Supported in part by Reid Foundation.

Conflict of Interest
Dr. Han reports no conflict of interest. Dr. Benditt

is a consultant for and/or has equity in Medtronic Inc, Ab-
bott Labs and Advanced Circulatory Systems. Dr Benditt
is supported in part by a grant from the Dr Earl E Bakken
family.

References
[1] Wolf PA, Abbott RD, Kannel WB. Atrial fibrillation as an inde-

pendent risk factor for stroke: the Framingham Study. Stroke.
1991; 22: 983–988.

[2] Ferro JM. Cardioembolic stroke: an update. The Lancet. Neu-
rology. 2003; 2: 177–188.

[3] Virani SS, Alonso A, Aparicio HJ, Benjamin EJ, Bittencourt
MS, Callaway CW, et al. Heart Disease and Stroke Statistics-
2021 Update: A Report From the American Heart Association.
Circulation. 2021; 143: e254–e743.

[4] Blackshear JL, Odell JA. Appendage obliteration to reduce
stroke in cardiac surgical patients with atrial fibrillation. TheAn-
nals of Thoracic Surgery. 1996; 61: 755–759.

[5] Cresti A, García-Fernández MA, Sievert H, Mazzone P, Baratta
P, Solari M, et al. Prevalence of extra-appendage thrombosis in
non-valvular atrial fibrillation and atrial flutter in patients under-
going cardioversion: a large transoesophageal echo study. Eu-
roIntervention. 2019; 15: e225–e230.

[6] January CT, Wann LS, Calkins H, Chen LY, Cigarroa JE, Cleve-
land JC, Jr, et al. 2019 AHA/ACC/HRS Focused Update of
the 2014 AHA/ACC/HRS Guideline for the Management of
Patients With Atrial Fibrillation: A Report of the American
College of Cardiology/American Heart Association Task Force
on Clinical Practice Guidelines and the Heart Rhythm Society.
Journal of the American College of Cardiology. 2019; 74: 104–
132.

[7] Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ,
Blomström-Lundqvist C, et al. 2020 ESC Guidelines for the di-
agnosis and management of atrial fibrillation developed in col-
laboration with the European Association for Cardio-Thoracic
Surgery (EACTS): The Task Force for the diagnosis and man-
agement of atrial fibrillation of the European Society of Cardiol-
ogy (ESC) Developed with the special contribution of the Euro-
pean Heart Rhythm Association (EHRA) of the ESC. European
Heart Journal. 2021; 42: 373–498.

[8] Domanski MJ, Zipes DP, Benditt DG, Camm AJ, Exner DV,
Ezekowitz MD, et al. Central clinical research issues in electro-
physiology: report of the NASPE Committee. Pacing and Clin-
ical Electrophysiology. 2001; 24: 526–534.

[9] Apostolakis E, Papakonstantinou NA, Baikoussis NG, Koniari
I, Papadopoulos G. Surgical strategies and devices for surgical
exclusion of the left atrial appendage: a word of caution. Journal
of Cardiac Surgery. 2013; 28: 199–206.

[10] Tsai YC, Phan K, Munkholm-Larsen S, Tian DH, La Meir M,
Yan TD. Surgical left atrial appendage occlusion during cardiac
surgery for patients with atrial fibrillation: a meta-analysis. Eu-
ropean Journal of Cardio-thoracic Surgery. 2015; 47: 847–854.

[11] Veinot JP, Harrity PJ, Gentile F, Khandheria BK, Bailey KR,
Eickholt JT, et al. Anatomy of the normal left atrial appendage:
a quantitative study of age-related changes in 500 autopsy hearts:
implications for echocardiographic examination. Circulation.
1997; 96: 3112–3115.

13

https://www.imrpress.com


[12] Al-Saady NM, Obel OA, Camm AJ. Left atrial appendage:
structure, function, and role in thromboembolism. Heart (British
Cardiac Society). 1999; 82: 547–554.

[13] Glikson M, Wolff R, Hindricks G, Mandrola J, Camm AJ,
Lip GYH, et al. EHRA/EAPCI expert consensus statement on
catheter-based left atrial appendage occlusion - an update. Eu-
roIntervention. 2020; 15: 1133–1180.

[14] Kerut EK. Anatomy of the left atrial appendage. Echocardiogra-
phy (Mount Kisco, N.Y.). 2008; 25: 669–673.

[15] Barbero U, Ho SY. Anatomy of the atria: A road map to the left
atrial appendage. Herzschrittmachertherapie &Elektrophysiolo-
gie. 2017; 28: 347–354.

[16] Beigel R, Wunderlich NC, Ho SY, Arsanjani R, Siegel RJ. The
left atrial appendage: anatomy, function, and noninvasive eval-
uation. JACC: Cardiovascular Imaging. 2014; 7: 1251–1265.

[17] Pollick C, Taylor D. Assessment of left atrial appendage func-
tion by transesophageal echocardiography. Implications for the
development of thrombus. Circulation. 1991; 84: 223–231.

[18] BELCHER JR, SOMERVILLE W. Systemic embolism and left
auricular thrombosis in relation to mitral valvotomy. British
Medical Journal. 1955; 2: 1000–1003.

[19] Hinton RC, Kistler JP, Fallon JT, Friedlich AL, Fisher CM. In-
fluence of etiology of atrial fibrillation on incidence of systemic
embolism. The American Journal of Cardiology. 1977; 40: 509–
513.

[20] Wolf PA, Dawber TR, Thomas HE, Jr, Kannel WB. Epidemio-
logic assessment of chronic atrial fibrillation and risk of stroke:
the Framingham study. Neurology. 1978; 28: 973–977.

[21] Fisher CM. Reducing risks of cerebral embolism. Geriatrics.
1979; 34: 59–66.

[22] MADDEN JL. Resection of the left auricular appendix; a pro-
phylaxis for recurrent arterial emboli. Journal of the American
Medical Association. 1949; 140: 769–772.

[23] HELLERSTEIN HK, SINAIKO E, DOLGINM. Amputation of
the canine atrial appendages. Proceedings of the Society for Ex-
perimental Biology and Medicine. Society for Experimental Bi-
ology and Medicine (New York, N.Y.). 1947; 66: 337.

[24] HELLERSTEIN HK, SINAIKO E, DOLGINM. Amputation of
the canine atrial appendages. Surgery. 1948; 24: 719–723.

[25] BAILEYCP, OLSENAK, KEOWNKK, NICHOLSHT, JAMI-
SON WL. Commissurotomy for mitral stenosis; technique for
prevention of cerebral complications. Journal of the American
Medical Association. 1952; 149: 1085–1091.

[26] Badhwar V, Rankin JS, Damiano RJ, Jr, Gillinov AM, Bakaeen
FG, Edgerton JR, et al. The Society of Thoracic Surgeons 2017
Clinical Practice Guidelines for the Surgical Treatment of Atrial
Fibrillation. The Annals of Thoracic Surgery. 2017; 103: 329–
341.

[27] Caliskan E, Sahin A, Yilmaz M, Seifert B, Hinzpeter R, Alka-
dhi H, et al. Epicardial left atrial appendage AtriClip occlusion
reduces the incidence of stroke in patients with atrial fibrillation
undergoing cardiac surgery. Europace. 2018; 20: e105–e114.

[28] Greenberg JW, Lee R, Hui DS. Patient selection and methods of
surgical left atrial appendage exclusion. Journal of Thrombosis
and Thrombolysis. 2019; 48: 209–214.

[29] Rosati F, de Maat GE, Valente MAE, Mariani MA, Benussi S.
Surgical clip closure of the left atrial appendage. Journal of Car-
diovascular Electrophysiology. 2021; 32: 2865–2872.

[30] Chatterjee S, Alexander JC, Pearson PJ, Feldman T. Left atrial
appendage occlusion: lessons learned from surgical and tran-
scatheter experiences. The Annals of Thoracic Surgery. 2011;
92: 2283–2292.

[31] Aryana A, Singh SK, Singh SM, O’Neill PG, Bowers MR,
Allen SL, et al. Association between incomplete surgical liga-
tion of left atrial appendage and stroke and systemic emboliza-
tion. Heart Rhythm. 2015; 12: 1431–1437.

[32] Ventosa-Fernandez G, Quintana E, Castellá M, Pereda D. Ex-
clusion of the left atrial appendage with the TigerPaw II sys-
tem: a word of caution. Interactive Cardiovascular and Thoracic
Surgery. 2015; 21: 803–804.

[33] Kanderian AS, Gillinov AM, Pettersson GB, Blackstone E,
Klein AL. Success of surgical left atrial appendage closure: as-
sessment by transesophageal echocardiography. Journal of the
American College of Cardiology. 2008; 52: 924–929.

[34] Whitlock RP, Belley-Cote EP, Paparella D, Healey JS, Brady
K, Sharma M, et al. Left Atrial Appendage Occlusion during
Cardiac Surgery to Prevent Stroke. The New England Journal of
Medicine. 2021; 384: 2081–2091.

[35] Martinez C, KatholingA,Wallenhorst C, Freedman SB. Therapy
persistence in newly diagnosed non-valvular atrial fibrillation
treated with warfarin or NOAC. A cohort study. Thrombosis and
Haemostasis. 2016; 115: 31–39.

[36] Brown JD, Shewale AR, Talbert JC. Adherence to Rivaroxa-
ban, Dabigatran, and Apixaban for Stroke Prevention in Inci-
dent, Treatment-Naïve Nonvalvular Atrial Fibrillation. Journal
of Managed Care & Specialty Pharmacy. 2016; 22: 1319–1329.

[37] Durmaz E, Karpuz MH, Bilgehan K, Ikitimur B, Ozmen E,
Ebren C, et al. Left atrial thrombus in patients with atrial fibrilla-
tion and under oral anticoagulant therapy; 3-D transesophageal
echocardiographic study. The International Journal of Cardio-
vascular Imaging. 2020; 36: 1097–1103.

[38] Ding WY. Residual Stroke Risk in Atrial Fibrillation. Arrhyth-
mia & Electrophysiology Review. 2021; 10: 147–153.

[39] Ding WY, Rivera-Caravaca JM, Marin F, Torp-Pedersen C,
Roldán V, Lip GYH. Prediction of Residual Stroke Risk in An-
ticoagulated Patients with Atrial Fibrillation: mCARS. Journal
of Clinical Medicine. 2021; 10: 3357.

[40] Kapłon-Cieślicka A, Gawałko M, Budnik M, Uziębło-
Życzkowska B, Krzesiński P, Starzyk K, et al. Left Atrial
Thrombus in Atrial Fibrillation/Flutter Patients in Relation
to Anticoagulation Strategy: LATTEE Registry. Journal of
Clinical Medicine. 2022; 11: 2705.

[41] Nakai T, Lesh MD, Gerstenfeld EP, Virmani R, Jones R, Lee
RJ. Percutaneous left atrial appendage occlusion (PLAATO) for
preventing cardioembolism: first experience in canine model.
Circulation. 2002; 105: 2217–2222.

[42] Sievert H, Lesh MD, Trepels T, Omran H, Bartorelli A, Della
Bella P, et al. Percutaneous left atrial appendage transcatheter
occlusion to prevent stroke in high-risk patients with atrial fibril-
lation: early clinical experience. Circulation. 2002; 105: 1887–
1889.

[43] Aryana A, Saad EB, d’Avila A. Left atrial appendage occlusion
and ligation devices: what is available, how to implement them,
and how to manage and avoid complications. Current Treatment
Options in Cardiovascular Medicine. 2012; 14: 503–519.

[44] Ostermayer SH, Reisman M, Kramer PH, Matthews RV, Gray
WA, Block PC, et al. Percutaneous left atrial appendage tran-
scatheter occlusion (PLAATO system) to prevent stroke in high-
risk patients with non-rheumatic atrial fibrillation: results from
the international multi-center feasibility trials. Journal of the
American College of Cardiology. 2005; 46: 9–14.

[45] Ussia GP, Mulè M, Cammalleri V, Scarabelli M, Barbanti M,
Immè S, et al. Percutaneous closure of left atrial appendage to
prevent embolic events in high-risk patients with chronic atrial
fibrillation. Catheterization and Cardiovascular Interventions.
2009; 74: 217–222.

[46] Park JW, Leithäuser B, Gerk U, Vrsansky M, Jung F. Percuta-
neous left atrial appendage transcatheter occlusion (PLAATO)
for stroke prevention in atrial fibrillation: 2-year outcomes. The
Journal of Invasive Cardiology. 2009; 21: 446–450.

[47] Block PC, Burstein S, Casale PN, Kramer PH, Teirstein P,
Williams DO, et al. Percutaneous left atrial appendage occlusion

14

https://www.imrpress.com


for patients in atrial fibrillation suboptimal for warfarin ther-
apy: 5-year results of the PLAATO (Percutaneous Left Atrial
Appendage Transcatheter Occlusion) Study. JACC: Cardiovas-
cular Interventions. 2009; 2: 594–600.

[48] Bayard YL, Omran H, Neuzil P, Thuesen L, Pichler M, Rowland
E, et al. PLAATO (Percutaneous Left Atrial Appendage Tran-
scatheter Occlusion) for prevention of cardioembolic stroke in
non-anticoagulation eligible atrial fibrillation patients: results
from the European PLAATO study. EuroIntervention. 2010; 6:
220–226.

[49] Meier B, Palacios I, Windecker S, Rotter M, Cao QL, Keane
D, et al. Transcatheter left atrial appendage occlusion with Am-
platzer devices to obviate anticoagulation in patients with atrial
fibrillation. Catheterization and Cardiovascular Interventions.
2003; 60: 417–422.

[50] Park JW. Implantation of the AMPLATZER™ Cardiac Plug:
tips and tricks. Herzschrittmachertherapie & Elektrophysiolo-
gie. 2013; 24: 33–38.

[51] Nietlispach F, Gloekler S, Krause R, Shakir S, Schmid M, Khat-
tab AA, et al. Amplatzer left atrial appendage occlusion: single
center 10-year experience. Catheterization and Cardiovascular
Interventions. 2013; 82: 283–289.

[52] Freixa X, Chan JLK, Tzikas A, Garceau P, Basmadjian A,
Ibrahim R. The Amplatzer™ Cardiac Plug 2 for left atrial ap-
pendage occlusion: novel features and first-in-man experience.
EuroIntervention. 2013; 8: 1094–1098.

[53] Tzikas A, Shakir S, Gafoor S, Omran H, Berti S, Santoro G, et
al. Left atrial appendage occlusion for stroke prevention in atrial
fibrillation: multicentre experience with the AMPLATZER Car-
diac Plug. EuroIntervention. 2016; 11: 1170–1179.

[54] Park JW, Bethencourt A, Sievert H, Santoro G, Meier B, Walsh
K, et al. Left atrial appendage closure with Amplatzer cardiac
plug in atrial fibrillation: initial European experience. Catheter-
ization and Cardiovascular Interventions. 2011; 77: 700–706.

[55] Lam YY, Yip GWK, Yu CM, Chan WWM, Cheng BCW, Yan
BP, et al. Left atrial appendage closure with AMPLATZER car-
diac plug for stroke prevention in atrial fibrillation: initial Asia-
Pacific experience. Catheterization and Cardiovascular Inter-
ventions. 2012; 79: 794–800.

[56] Landmesser U, Schmidt B, Nielsen-Kudsk JE, Lam SCC, Park
JW, Tarantini G, et al. Left atrial appendage occlusion with the
AMPLATZER Amulet device: periprocedural and early clini-
cal/echocardiographic data from a global prospective observa-
tional study. EuroIntervention. 2017; 13: 867–876.

[57] Nielsen-Kudsk JE, Korsholm K, Damgaard D, Valentin JB, Di-
ener HC, Camm AJ, et al. Clinical Outcomes Associated With
Left Atrial Appendage Occlusion Versus Direct Oral Anticoag-
ulation in Atrial Fibrillation. JACC: Cardiovascular Interven-
tions. 2021; 14: 69–78.

[58] Lakkireddy D, Thaler D, Ellis CR, Swarup V, Sondergaard L,
Carroll J, et al. Amplatzer Amulet Left Atrial Appendage Oc-
cluder VersusWatchmanDevice for Stroke Prophylaxis (Amulet
IDE): A Randomized, Controlled Trial. Circulation. 2021; 144:
1543–1552.

[59] Fountain RB, Holmes DR, Chandrasekaran K, Packer D, Asir-
vatham S, Van Tassel R, et al. The PROTECT AF (WATCH-
MANLeft Atrial Appendage System for Embolic PROTECTion
in Patients with Atrial Fibrillation) trial. American Heart Jour-
nal. 2006; 151: 956–961.

[60] Fountain R, Holmes DR, Jr, Hodgson PK, Chandrasekaran K,
Van Tassel R, Sick P. Potential applicability and utilization of
left atrial appendage occlusion devices in patients with atrial fib-
rillation. American Heart Journal. 2006; 152: 720–723.

[61] Sick PB, Schuler G, Hauptmann KE, Grube E, Yakubov S, Turi
ZG, et al. Initial worldwide experience with the WATCHMAN
left atrial appendage system for stroke prevention in atrial fib-

rillation. Journal of the American College of Cardiology. 2007;
49: 1490–1495.

[62] Holmes DR, Reddy VY, Turi ZG, Doshi SK, Sievert H, Buch-
binder M, et al. Percutaneous closure of the left atrial appendage
versus warfarin therapy for prevention of stroke in patients
with atrial fibrillation: a randomised non-inferiority trial. Lancet
(London, England). 2009; 374: 534–542.

[63] Reddy VY, Sievert H, Halperin J, Doshi SK, Buchbinder M,
Neuzil P, et al. Percutaneous left atrial appendage closure
vs warfarin for atrial fibrillation: a randomized clinical trial.
JAMA. 2014; 312: 1988–1998.

[64] Reddy VY, Holmes D, Doshi SK, Neuzil P, Kar S. Safety of per-
cutaneous left atrial appendage closure: results from the Watch-
man Left Atrial Appendage System for Embolic Protection in
Patients with AF (PROTECT AF) clinical trial and the Contin-
ued Access Registry. Circulation. 2011; 123: 417–424.

[65] Gangireddy SR, Halperin JL, Fuster V, Reddy VY. Percutaneous
left atrial appendage closure for stroke prevention in patients
with atrial fibrillation: an assessment of net clinical benefit. Eu-
ropean Heart Journal. 2012; 33: 2700–2708.

[66] Holmes DR, Jr, Kar S, Price MJ, Whisenant B, Sievert H, Doshi
SK, et al. Prospective randomized evaluation of the Watchman
Left Atrial Appendage Closure device in patients with atrial fib-
rillation versus long-term warfarin therapy: the PREVAIL trial.
Journal of the American College of Cardiology. 2014; 64: 1–12.

[67] Boersma LV, Ince H, Kische S, Pokushalov E, Schmitz T,
Schmidt B, et al. Efficacy and safety of left atrial appendage clo-
sure with WATCHMAN in patients with or without contraindi-
cation to oral anticoagulation: 1-Year follow-up outcome data of
the EWOLUTION trial. Heart Rhythm. 2017; 14: 1302–1308.

[68] Holmes DR, Jr, Doshi SK, Kar S, Price MJ, Sanchez JM, Siev-
ert H, et al. Left Atrial Appendage Closure as an Alternative to
Warfarin for Stroke Prevention in Atrial Fibrillation: A Patient-
Level Meta-Analysis. Journal of the American College of Car-
diology. 2015; 65: 2614–2623.

[69] Reddy VY, Doshi SK, Kar S, Gibson DN, Price MJ, Huber K,
et al. 5-Year Outcomes After Left Atrial Appendage Closure:
From the PREVAIL and PROTECT AF Trials. Journal of the
American College of Cardiology. 2017; 70: 2964–2975.

[70] Freeman JV, Varosy P, Price MJ, Slotwiner D, Kusumoto FM,
Rammohan C, et al. The NCDR Left Atrial Appendage Occlu-
sion Registry. Journal of the American College of Cardiology.
2020; 75: 1503–1518.

[71] Sahay S, Nombela-Franco L, Rodes-Cabau J, Jimenez-Quevedo
P, Salinas P, Biagioni C, et al. Efficacy and safety of left atrial
appendage closure versus medical treatment in atrial fibrillation:
a network meta-analysis from randomised trials. Heart (British
Cardiac Society). 2017; 103: 139–147.

[72] Kar S, Doshi SK, Sadhu A, Horton R, Osorio J, Ellis C, et al.
Primary Outcome Evaluation of a Next-Generation Left Atrial
Appendage Closure Device: Results From the PINNACLE FLX
Trial. Circulation. 2021; 143: 1754–1762.

[73] Price MJ, Friedman DJ, Du C, Wang Y, Lin Z, Curtis JP, et
al. Comparative Safety of Transcatheter LAAO With the First-
Generation Watchman and Next-Generation Watchman FLX
Devices. JACC: Cardiovascular Interventions. 2022; 15: 2115–
2123.

[74] Lam YY. A new left atrial appendage occluder (Lifetech LAm-
bre Device) for stroke prevention in atrial fibrillation. Cardio-
vascular Revascularization Medicine. 2013; 14: 134–136.

[75] Lam YY, Yan BP, Doshi SK, Li A, Zhang D, Kaya MG, et al.
Preclinical evaluation of a new left atrial appendage occluder
(Lifetech LAmbre™ device) in a canine model. International
Journal of Cardiology. 2013; 168: 3996–4001.

[76] Chen S, Schmidt B, Bordignon S, Bologna F, Nagase T,
Tsianakas N, et al. Feasibility of percutaneous left atrial ap-

15

https://www.imrpress.com


pendage closure using a novel LAmbre occluder in patients with
atrial fibrillation: Initial results from a prospective cohort reg-
istry study. Journal of Cardiovascular Electrophysiology. 2018;
29: 291–297.

[77] Park JW, Sievert H, Kleinecke C, Vaskelyte L, Schnupp S, Siev-
ert K, et al. Left atrial appendage occlusion with lambre in atrial
fibrillation: Initial European experience. International Journal
of Cardiology. 2018; 265: 97–102.

[78] Huang H, Liu Y, Xu Y, Wang Z, Li Y, Cao K, et al. Percu-
taneous Left Atrial Appendage Closure With the LAmbre De-
vice for Stroke Prevention in Atrial Fibrillation: A Prospec-
tive, Multicenter Clinical Study. JACC: Cardiovascular Inter-
ventions. 2017; 10: 2188–2194.

[79] Ali M, Rigopoulos AG, Mammadov M, Torky A, Auer A, Mati-
akis M, et al. Systematic review on left atrial appendage closure
with the LAmbre device in patients with non-valvular atrial fib-
rillation. BMC Cardiovascular Disorders. 2020; 20: 78.

[80] BergmannMW, Landmesser U. Left atrial appendage closure for
stroke prevention in non-valvular atrial fibrillation: rationale,
devices in clinical development and insights into implantation
techniques. EuroIntervention. 2014; 10: 497–504.

[81] Vainrib AF, Bamira D, Benenstein RJ, Aizer A, Chinitz LA,
Saric M. Echocardiographic Guidance of the Novel WaveCrest
Left Atrial Appendage Occlusion Device. CASE (Philadelphia,
Pa.). 2018; 2: 297–300.

[82] Lee RJ, Bartus K, Yakubov SJ. Catheter-based left atrial ap-
pendage (LAA) ligation for the prevention of embolic events
arising from the LAA: initial experience in a canine model. Cir-
culation. Cardiovascular Interventions. 2010; 3: 224–229.

[83] Singh SM, Dukkipati SR, d’Avila A, Doshi SK, Reddy VY. Per-
cutaneous left atrial appendage closure with an epicardial suture
ligation approach: a prospective randomized pre-clinical feasi-
bility study. Heart Rhythm. 2010; 7: 370–376.

[84] Bartus K, Bednarek J, Myc J, Kapelak B, Sadowski J,
Lelakowski J, et al. Feasibility of closed-chest ligation of the left
atrial appendage in humans. Heart Rhythm. 2011; 8: 188–193.

[85] Bartus K, Han FT, Bednarek J, Myc J, Kapelak B, Sadowski J,
et al. Percutaneous left atrial appendage suture ligation using the
LARIAT device in patients with atrial fibrillation: initial clini-
cal experience. Journal of the American College of Cardiology.
2013; 62: 108–118.

[86] Koneru JN, Badhwar N, Ellenbogen KA, Lee RJ. LAA ligation
using the LARIAT suture delivery device: tips and tricks for a
successful procedure. Heart Rhythm. 2014; 11: 911–921.

[87] Miller MA, Gangireddy SR, Doshi SK, Aryana A, Koruth JS,
Sennhauser S, et al. Multicenter study on acute and long-term
safety and efficacy of percutaneous left atrial appendage closure
using an epicardial suture snaring device. Heart Rhythm. 2014;
11: 1853–1859.

[88] Price MJ, Gibson DN, Yakubov SJ, Schultz JC, Di Biase L, Na-
tale A, et al. Early safety and efficacy of percutaneous left atrial
appendage suture ligation: results from the U.S. transcatheter
LAA ligation consortium. Journal of the American College of
Cardiology. 2014; 64: 565–572.

[89] Srivastava MC, See VY, Dawood MY, Price MJ. A review of
the LARIAT device: insights from the cumulative clinical expe-
rience. SpringerPlus. 2015; 4: 522.

[90] Lakkireddy D, Afzal MR, Lee RJ, Nagaraj H, Tschopp D, Gid-
ney B, et al. Short and long-term outcomes of percutaneous left
atrial appendage suture ligation: Results from a US multicenter
evaluation. Heart Rhythm. 2016; 13: 1030–1036.

[91] Tilz RR, Fink T, Bartus K, Wong T, Vogler J, Nentwich K, et
al. A collective European experience with left atrial appendage
suture ligation using the LARIAT+ device. Europace. 2020; 22:
924–931.

[92] Mohanty S, Gianni C, Trivedi C, GadiyaramV, Della Rocca DG,
MacDonald B, et al. Risk of thromboembolic events after percu-
taneous left atrial appendage ligation in patients with atrial fibril-
lation: Long-term results of a multicenter study. Heart Rhythm.
2020; 17: 175–181.

[93] Regueiro A, Bernier M, O’Hara G, O’Connor K, Paradis JM,
Beaudoin J, et al. Left atrial appendage closure: Initial experi-
ence with the ultraseal device. Catheterization and Cardiovascu-
lar Interventions. 2017; 90: 817–823.

[94] Pagnotta PA, Chiarito M, Pllaha E, Zavalloni Parenti D, Rossi
ML, Mantovani R, et al. Left atrial appendage closure with the
Ultraseal device: Initial experience and mid-term follow-up.
Journal of Interventional Cardiology. 2018; 31: 932–938.

[95] Asmarats L, Masson JB, Pagnotta PA, Cook S, Foresti M,
Ibrahim R, et al. Percutaneous Left Atrial Appendage Closure
With the Ultraseal Device: Insights From the Initial Multicen-
ter Experience. JACC: Cardiovascular Interventions. 2018; 11:
1932–1941.

[96] Ahlgrimm B, Pottgiesser T, Stachon P, Zehender M, Bugger H,
Helbing T, et al. The Cardia Ultraseal Left Atrial AppendageOc-
cluder: A Case Series With Significant Device-Related Compli-
cations. JACC: Cardiovascular Interventions. 2019; 12: 1987–
1989.

[97] Pivato CA, Liccardo G, Sanz-Sanchez J, Pelloni E, Pujdak K,
Xuareb RG, et al. Left atrial appendage closure with the II gen-
eration Ultraseal device: An international registry. The LIGATE
study. Catheterization and Cardiovascular Interventions. 2022;
100: 620–627.

[98] Sommer RJ, Lamport R, Melanson D, Devellian C, Levine A,
Cain CM, et al. Preclinical Assessment of a Novel Conformable
Foam-Based Left Atrial Appendage Closure Device. BioMed
Research International. 2021; 2021: 4556400.

[99] Sommer RJ, Kim JH, Szerlip M, Chandhok S, Sugeng L, Cain
C, et al. Conformal Left Atrial Appendage Seal Device for Left
Atrial Appendage Closure: First Clinical Use. JACC: Cardio-
vascular Interventions. 2021; 14: 2368–2374.

[100] Turagam MK, Neuzil P, Hala P, Mraz T, Dukkipati SR,
Reddy VY. Intracardiac Echocardiography-Guided Left Atrial
Appendage Closure With a Novel Foam-Based Conformable
Device: Safety and 1-Year Outcomes. JACC: Clinical Electro-
physiology. 2022; 8: 197–207.

[101] Qintar M, Wang DD, Lee J, Eng MH, Frisoli T, Villablanca P,
et al. Left Atrial Appendage Occlusion With the LAmbre De-
vice: First-in-Human in the United States. The Journal of Inva-
sive Cardiology. 2021; 33: E670–E671.

[102] Cheung GS, So KC, Chan CK, Chan AK, Lee APW, Lam
YY, et al. Comparison of three left atrial appendage occlu-
sion devices for stroke prevention in patients with non-valvular
atrial fibrillation: a single-centre seven-year experience with
WATCHMAN, AMPLATZER Cardiac Plug/Amulet, LAmbre:
Comparison of three LAAO devices for stroke prevention. Asi-
aIntervention. 2019; 5: 57–63.

[103] Schnupp S, Liu XX, Buffle E, Gloekler S, Mohrez Y, Cheikh-
Ibrahim M, et al. Late clinical outcomes of lambre versus am-
platzer occluders for left atrial appendage closure. Journal of
Cardiovascular Electrophysiology. 2020; 31: 934–942.

[104] Ke JY, Jin LS, Lin YN, Xu J, Liu WK, Fu JY, et al. Com-
bined atrial fibrillation ablation and left atrial appendage clo-
sure: Watchman vs. LAmbre devices. Frontiers in Cardiovascu-
lar Medicine. 2022; 9: 1011037.

[105] Mansour MJ, Harnay E, Al Ayouby A, Mansourati V, Jobic Y,
Gilard M, et al. One year outcome and analysis of peri-device
leak of left atrial appendage occlusion devices. Journal of Inter-
ventional Cardiac Electrophysiology. 2022; 64: 27–34.

16

https://www.imrpress.com


[106] Korsholm K, Kramer A, Andersen A, Saw J, Nørgaard BL,
Jensen JM, et al. Left atrial appendage sealing performance of
the Amplatzer Amulet and Watchman FLX device. Journal of
Interventional Cardiac Electrophysiology. 2023; 66: 391–401.

[107] Della Rocca DG, Magnocavallo M, Gianni C, Mohanty S, Na-
tale VN, Al-Ahmad A, et al. Procedural and short-term follow-
up outcomes of Amplatzer Amulet occluder versus Watchman
FLX device: A meta-analysis. Heart Rhythm. 2022; 19: 1017–
1018.

[108] Munir MB, Khan MZ, Darden D, Asad ZUA, Choubdar PA,
Din MTU, et al. Association of advanced age with procedu-
ral complications and in-hospital outcomes from left atrial ap-
pendage occlusion device implantation in patients with atrial fib-
rillation: insights from the National Inpatient Sample of 36,065
procedures. Journal of Interventional Cardiac Electrophysiol-
ogy. 2022; 65: 219–226.

[109] Cruz-González I, Ince H, Kische S, Schmitz T, Schmidt B, Gori
T, et al. Left atrial appendage occlusion in patients older than 85
years. Safety and efficacy in the EWOLUTION registry. Revista
Espanola De Cardiologia (English Ed.). 2020; 73: 21–27.

[110] Freixa X, Gafoor S, Regueiro A, Cruz-Gonzalez I, Shakir S,
OmranH, et al. Comparison of Efficacy and Safety of Left Atrial
Appendage Occlusion in Patients Aged<75 to≥ 75 Years. The
American Journal of Cardiology. 2016; 117: 84–90.

[111] Di Lullo L, Mariani MV, Ronco C, Bellasi A, Lavalle C, Chi-
menti C, et al. Atrial Fibrillation and Anticoagulant Treatment in
End-Stage Renal Disease Patients: Where Do We Stand? Car-
diorenal Medicine. 2022; 12: 131–140.

[112] Genovesi S, Porcu L, Slaviero G, Casu G, Bertoli S, Sagone A,
et al. Outcomes on safety and efficacy of left atrial appendage
occlusion in end stage renal disease patients undergoing dialysis.
Journal of Nephrology. 2021; 34: 63–73.

[113] Michlicka-Kłyś W, Kalarus Z, Podolecki T, Mitręga K, Streb
W. Long-term results of percutaneous left atrial appendage oc-
clusion in patients with atrial fibrillation and chronic kidney dis-
ease. Advances in Interventional Cardiology. 2022; 18: 43–49.

[114] Swaans MJ, Post MC, Rensing BJWM, Boersma LVA. Ab-
lation for atrial fibrillation in combination with left atrial ap-
pendage closure: first results of a feasibility study. Journal of
the American Heart Association. 2012; 1: e002212.

[115] Pasupula DK, SiddappaMalleshappa SK,MunirMB, Bhat AG,
Anandaraj A, Jakkoju A, et al. Combined atrial fibrillation abla-
tion and left atrial appendage occlusion procedure in the United
States: a propensity score matched analysis from 2016-2019 na-
tional readmission database. Europace. 2023; 25: 390–399.

[116] Phillips KP, Pokushalov E, Romanov A, Artemenko S, Folk-
eringa RJ, Szili-Torok T, et al. Combining Watchman left atrial
appendage closure and catheter ablation for atrial fibrillation:
multicentre registry results of feasibility and safety during im-
plant and 30 days follow-up. Europace. 2018; 20: 949–955.

[117] Chen M, Sun J, Wang QS, Zhang PP, Li W, Zhang R, et al.
Long-term outcome of combined catheter ablation and left atrial
appendage closure in atrial fibrillation patients. International
Journal of Cardiology. 2022; 368: 41–48.

[118] Kawakami H, Nolan MT, Phillips K, Scuffham PA, Marwick
TH. Cost-effectiveness of combined catheter ablation and left
atrial appendage closure for symptomatic atrial fibrillation in pa-
tients with high stroke and bleeding risk. American Heart Jour-
nal. 2021; 231: 110–120.

[119] Sharma E, Apostolidou E, Sheikh W, Parulkar A, Ahmed MB,
Lima FV, et al. Hemodynamic effects of left atrial appendage
occlusion. Journal of Interventional Cardiac Electrophysiology.
2022; 64: 349–357.

[120] Liu B, Luo J, Gong M, Li Z, Shi B, Zhang X, et al. Five-Year
Outcomes and Cardiac Remodeling Following Left Atrial Ap-
pendage Occlusion. Clinical Interventions in Aging. 2021; 16:
655–663.

[121] Vainrib AF, Harb SC, JaberW, Benenstein RJ, Aizer A, Chinitz
LA, et al. Left Atrial Appendage Occlusion/Exclusion: Proce-
dural Image Guidance with Transesophageal Echocardiography.
Journal of the American Society of Echocardiography. 2018; 31:
454–474.

[122] Altszuler D, Vainrib AF, Bamira DG, Benenstein RJ, Aizer A,
Chinitz LA, et al. Left Atrial Occlusion Device Implantation:
the Role of the Echocardiographer. Current Cardiology Reports.
2019; 21: 66.

[123] Korsholm K, Berti S, Iriart X, Saw J, Wang DD, Cochet H,
et al. Expert Recommendations on Cardiac Computed Tomog-
raphy for Planning Transcatheter Left Atrial Appendage Occlu-
sion. JACC: Cardiovascular Interventions. 2020; 13: 277–292.

[124] Patel A, Venkataraman R, Schurmann P, Dave A, Valderrábano
M. Left atrial appendage occlusion using intracardiac echocar-
diography. Heart Rhythm. 2021; 18: 313–317.

[125] Akella K, Murtaza G, Turagam M, Sharma S, Madoukh B,
Amin A, et al. Evaluating the role of transesophageal echocar-
diography (TEE) or intracardiac echocardiography (ICE) in left
atrial appendage occlusion: ameta-analysis. Journal of Interven-
tional Cardiac Electrophysiology. 2021; 60: 41–48.

[126] Barreiro-Perez M, Cruz-González I, Moreno-Samos JC, Diaz-
Peláez E, González-Calle D, González-Cebrián M, et al. Fea-
sibility, Safety, and Utility of Microtransesophageal Echocar-
diography Guidance for Percutaneous LAAO Under Conscious
Sedation. JACC: Cardiovascular Interventions. 2019; 12: 1091–
1093.

[127] Freeman JV, Higgins AY, Wang Y, Du C, Friedman DJ,
Daimee UA, et al. Antithrombotic Therapy After Left Atrial Ap-
pendage Occlusion in Patients With Atrial Fibrillation. Journal
of the American College of Cardiology. 2022; 79: 1785–1798.

[128] Simard T, Jung RG, Lehenbauer K, Piayda K, Pracoń R, Jack-
son GG, et al. Predictors of Device-Related Thrombus Follow-
ing Percutaneous Left Atrial Appendage Occlusion. Journal of
the American College of Cardiology. 2021; 78: 297–313.

[129] Pommier T, Leclercq T, Guenancia C, Richard C, Porot G,
Laurent G, et al. Left Atrial Remodeling and Brain Natriuretic
Peptide Levels Variation after Left Atrial Appendage Occlusion.
Journal of Clinical Medicine. 2021; 10: 3443.

[130] Alkhouli M, Di Biase L, Natale A, Rihal CS, Holmes DR, Asir-
vatham S, et al. Nonthrombogenic Roles of the Left Atrial Ap-
pendage: JACCReviewTopic of theWeek. Journal of the Amer-
ican College of Cardiology. 2023; 81: 1063–1075.

[131] Kirchhof P, Benussi S, Kotecha D, Ahlsson A, Atar D, Casadei
B, et al. 2016 ESCGuidelines for themanagement of atrial fibril-
lation developed in collaboration with EACTS. European Heart
Journal. 2016; 37: 2893–2962.

[132] Vora A. Management of atrial fibrillation in rheumatic valvular
heart disease. Current Opinion in Cardiology. 2006; 21: 47–50.

17

https://www.imrpress.com

	1. Introduction
	2. Pertinent Terminology and Anatomy
	2.1 Nonvalvular AF
	2.2 Left Atrial Appendage

	3. LAAO Devices
	3.1 PLATTO: Early Stage Percutaneous LAAO
	3.2 Amplatzer™ Septal Occluder, Cardiac Plug, and Amulet
	3.3 Watchman 2.5/Legacy
	3.4 Watchman FLX: The Next Generation Device
	3.5 LAmbre™
	3.6 WaveCrest™
	3.7 LARIAT
	3.8 Ultraseal
	3.9 Conformal Left Atrial Appendage Seal

	4. LAAO: Current Clinical Status and Ongoing Clinical Trials
	4.1 US FDA Approved Devices
	4.2 Special Clinical Situations 
	4.3 Imaging Techniques
	4.4 Post LAAO Medical Therapy

	5. Future Perspectives
	5.1 Clinical Concerns
	5.2 Industry Issues
	5.3 Academic Concerns
	5.4 General Topics

	6. Conclusions
	Abbreviations
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

