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The field of left atrial appendage occlusion is rapidly evolving. However, several issues remain including the limited

randomized efficacy data, peri-device leak, device-related thrombus, and the ongoing refinement of procedural

techniques. In this article, we provide a contemporary overview of left atrial appendage occlusion focusing on 4 key

remaining challenges: efficacy data, peri-device leak, device-related thrombus, and procedural optimization.

(JACC Adv 2022;1:100136) © 2022 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
S troke prevention is a centerpiece in the man-
agement of atrial fibrillation (AF).1 Despite
their efficacy in preventing ischemic strokes,

anticoagulants are not utilized or not maintained in
>50% of eligible patients due to bleeding risk, side ef-
fects, or noncompliance.2 Considering the growing
size of the AF population and the substantial
morbidity and mortality of AF-associated ischemic
strokes, left atrial appendage occlusion (LAAO) has
emanated as a feasible alternative to address these
unmet needs.3 In the last decade, a wealth of data
have emerged on the safety of LAAO accompanied
with a rapidly growing adoption of the procedure in
clinical practice.4 However, several issues remain
including the limited randomized data demonstrating
LAAO effectiveness and the concerns about device-
related thrombus (DRT) and peri-device leak (PDL)
and their management. In this article, we review the
past and present of LAAO and provide a futuristic
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outlook of this rapidly evolving field focusing on the
key remaining open questions (Central Illustration).

LAAO: PAST AND PRESENT

The concept of LAAO dates back to 1949 when John L.
Madden reported the resection of the LAA in 2 pa-
tients for the “prophylaxis of recurrent thrombi.”4

Nonetheless, the interest in LAAO remained limited
for decades until Blackshear and Odell published
their seminal systematic review in 1996 that empha-
sized the potential role of the LAA as a nidus for
thrombus in patients with nonvalvular AF (Figure 1).5

In the following years, surgical excision of the LAA at
the time of concomitant cardiac surgeries became
more popular albeit with wide variability in practice
and virtually no supportive efficacy data.6 However,
the emergence of the first transcatheter appendage
occluder device in the early 2000 fueled major device
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HIGHLIGHTS

� LAAO has emerged as a promising alter-
native to oral anticoagulation in selected
patients with nonvalvular atrial fibrilla-
tion. Although remarkable progress in the
field has been made, several questions
remain open.

� This study summarized the remaining is-
sues with LAAO including the need for
more randomized data, device-related
thrombus, peri-device leak, and proce-
dural optimization.

� Ongoing randomized trials, newer de-
vices, an improved planning software
program, and procedural techniques will

ABBR EV I A T I ON S

AND ACRONYMS

AF = atrial fibrillation

DRT = device related thrombus

FDA = Food and Drug

Administration

ICE = intracardiac

echocardiogram

LAAO = left atrial appendage

occlusion

PDL = peri-device leak

RCT = randomized controlled

trial

TEE = transesophageal

echocardiogram
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innovation efforts and clinical investigations
that subsequently led to the approval of
percutaneous LAAO in the United States
in 2015.

EVIDENCE SUPPORTING LAAO. Random-
ized data supporting the efficacy of LAAO
have been limited. To date, only 3 random-
ized controlled trials (RCTs) comparing LAAO
to anticoagulation have been published.1,7-9

A summary of the key findings of these
studies is provided in Table 1. In the patient-
level meta-analysis of PROTECT AF
(WATCHMAN Left Atrial Appendage System
for Embolic PROTECTion in Patients With
Atrial Fibrillation) and PREVAIL (Evaluation
of the WATCHMAN Left Atrial Appendage
(LAA) Closure Device in Patients With Atrial
help address the remaining issues in the
field.
Fibrillation Versus Long Term Warfarin Therapy)
trials (1,114 patients) with a mean follow-up
duration of 2.7 years, the primary efficacy endpoint
(composite of stroke, systemic embolism, or cardio-
vascular or unexplained death) occurred with a
similar frequency in both the device and control
arms (HR: 0.82; 95% CI: 0.58-1.17; P ¼ 0.27). The rate
of ischemic stroke was higher in the device arm (1.6
per 100 patient-years vs 0.95 per 100 patient-years;
HR: 1.71; 95% CI: 0.94-3.1; P ¼ 0.08), counter-
balanced by a lower rate of hemorrhagic stroke (HR:
0.2; 95% CI: 0.07-0.56; P ¼ 0.002).7 These results
remained largely similar in a subsequent patient-
level meta-analysis with 5-year follow-up.1 PRAGUE
(Left Atrial Appendage Closure vs. Novel Anti-
coagulation Agents in Atrial Fibrillation)-17 remains
the only RCT to date that compared LAAO with
direct oral anticoagulant (DOAC). The noninferiority
of LAAO compared with DOAC documented in
PRAGUE (Left Atrial Appendage Closure vs. Novel
Anticoagulation Agents in Atrial Fibrillation)-17 was
maintained in a subsequent analysis with 4 years of
follow-up.8,9 The main limitation of the trial is that
the noninferiority of LAAO was only powered for a
composite endpoint that combined ischemic and
bleedings events as well as procedural complica-
tions. The study was, however, underpowered to
assess the impact of LAAO on lowering ischemic
events, which is the presumed mechanism of action
of the LAAO procedure.

The totality of the data suggests that LAAO is not
inferior to anticoagulation in carefully selected
patients with nonvalvular AF. However, several
concerns remain. 1) A key issue with these data is
the lack of convincing evidence that supports the
mechanism of action of LAAO; reducing cardiac
thromboembolism due to exclusion of the LAA cavity
from systemic circulation. Indeed, ischemic events
were higher in the device arm in PROTECT AF and
PREVAIL (Figure 2), raising the question of whether
LAAO is effective in eliminating the embolic source or
whether its efficacy is merely driven by the mitigation
of the bleeding risks associated with long-term
anticoagulation. 2) The infrequency of ischemic
events in the trial raises some concerns about the
fragility of the conclusions. It is likely that the power
calculations performed during trial design utilized
expected ischemic rates based on historical risk-
prediction schemes (ie, CHA2DS2-VASc) that are
shown to overestimate the risk of ischemic stroke in
contemporary practice.10 Hence, the potential need
for larger trials to further confirm the role of LAAO for
stroke prevention has been raised.11 3) These trials
only enrolled patients who are deemed candidate for
a short-term course of anticoagulation after the pro-
cedure. No randomized data are yet available to
support LAAO in patients with absolute contraindi-
cation to anticoagulation. The only RCT that
was designed to assess this population (ASAP-TOO
[Assessment of the WATCHMAN� Device in Patients
Unsuitable for Oral Anticoagulation] trial; NCT029284
97) was terminated due to enrollment difficulties
although follow-up for the enrolled patients will
continue through 5 years.

Numerous nonrandomized studies have docu-
mented the efficacy of LAAO in reducing ischemic
stroke and major bleeding.12 However, these studies

https://clinicaltrials.gov/ct2/show/NCT02928497
https://clinicaltrials.gov/ct2/show/NCT02928497


CENTRAL ILLUSTRATION Current Advances and Remaining Challenges With LAAO

Alkhouli M, et al. JACC Adv. 2022;1(5):100136.

CCT ¼ cardiac computed tomography; DRT ¼ device related thrombus; GA ¼ general anesthesia; ICE ¼ intracardiac echo; LAAO ¼ left atrial appendage occlusion;

RCT ¼ randomized controlled trial; SDD ¼ same day discharge; TEE ¼ transesophageal echo.

FIGURE 1 The Left Atrial Appendage as a Nidus for Thrombus Formation in Patients With Atrial Fibrillation

LAA ¼ left atrial appendage.
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TABLE 1 Key Findings of the LAAO Randomized Clinical Trials

Trial Design Patients Key Findings

PROTECT AF (19683639) Noninferiority
Watchman vs warfarin

Device (n ¼ 463)
Control (n ¼ 244)

� The primary efficacy endpoint (stroke, SE, and
CV/unexplained death) event rate was 3.0 per 100
patient-years (95% CrI: 1.9-4.5) in the device group and
4.9 per 100 patient-years (2.8-7.1) in the control
group (RR: 0.62, 95% CrI: 0.35-1.25)

� Primary safety events were more frequent in the inter-
vention group (7.4 per 100 patient-years, 95% CrI: 5.5-
9.7 vs 4.4 per 100 patient-years, 95% CrI: 2.5-6.7; RR:
1.69, 1.01-3.19)

PREVAIL (24998121) Noninferiority
Watchman vs warfarin

Device (n ¼ 269)
Control (n ¼ 138)

� First coprimary efficacy endpoint (stroke, SE, and
CV/unexplained death) event rate at 18 mo was 0.064 in
the device group vs 0.063 in the control group (RR 1.07
[95% CrI: 0.57-1.89])a

� Second coprimary efficacy endpoint (stroke or SE >7 d
after randomization) was 0.025 vs 0.020 (risk differ-
ence 0.005 [95% CrI: �0.019 to 0.027])

� Adverse events lower than PROTECT AF (4.2% vs 8.7%;
P ¼ 0.004)

PRAGUE-17 (32586585) Noninferiority
LAAO device vs DOAC

Device (n ¼ 201)
Control (n ¼ 201)

� The annualized rate of the primary composite outcome
(stroke, TIA, SE, CV death, major or nonmajor clinically
relevant bleeding, or procedure-/device-related com-
plications) was 10.99% with LAAO and 13.42% with
DOAC (sHR: 0.84; 95% CI: 0.53-1.31; P ¼ 0.44;
P ¼ 0.004 for noninferiority)

� Major LAAO-related complications occurred in 9 (4.5%)
patients

aDid not achieve the prespecified criteria noninferiority (upper boundary of 95% CrI $1.75).

CrI ¼ credible interval; CV ¼ cardiovascular; DOAC ¼ direct oral anticoagulant; LAAO ¼ left atrial appendage occlusion; PREVAIL ¼ Evaluation of the WATCHMAN Left Atrial
Appendage (LAA) Closure Device in Patients With Atrial Fibrillation Versus Long Term Warfarin Therapy); PRAGUE ¼ Left Atrial Appendage Closure vs. Novel Anticoagulation
Agents in Atrial Fibrillation; PROTECT AF ¼ WATCHMAN Left Atrial Appendage System for Embolic PROTECTion in Patients With Atrial Fibrillation; RR ¼ rate ratio;
SE ¼ systemic embolization; sHR ¼ subdistribution hazard ratio; TIA ¼ transient ischemic attack.
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were observational, used heterogenous endpoints,
lacked a control arm, and indirectly derived efficacy
conclusions by comparing the ischemic and bleeding
event rate with what is predicted by the CHA2DS2-
FIGURE 2 Patient-Level Meta-analysis Illustrating 5-Year Pooled Ou

CV ¼ cardiovascular; HR ¼ hazard ratio; PREVAIL ¼ Evaluation of the WAT

Atrial Fibrillation Versus Long Term Warfarin Therapy); PROTECT AF ¼WA

Patients With Atrial Fibrillation; SE ¼ systemic embolization.
VASc and HASBLED scores, respectively. Therefore,
although these data provided reassurance, it did not
generate the level of evidence needed to widely
accept LAAO as a mainstream stroke-prevention
tcomes of PROTECT AF and PREVAIL Trials

CHMAN Left Atrial Appendage (LAA) Closure Device in Patients With

TCHMAN Left Atrial Appendage System for Embolic PROTECTion in

https://pubmed.ncbi.nlm.nih.gov/19683639/
https://pubmed.ncbi.nlm.nih.gov/24998121/
https://pubmed.ncbi.nlm.nih.gov/32586585/


TABLE 2 Current U.S. and European Guidelines on the Use of Percutaneous LAAO Devices

Society, Year COR LOE Recommendation

AHA/ACC/HRS, 2019 IIb B-NR Percutaneous LAA occlusion may be considered in patients with AF at increased
risk of stroke who have contraindications to long-term anticoagulation

(Clinical trial data and FDA approval of the Watchman device necessitated this
recommendation.)

ESC/EACTS, 2020 IIb B LAA occlusion may be considered for stroke prevention in patients with AF and
contraindications for long-term anticoagulant treatment (eg, intracranial
bleeding without a reversible cause)

ACC ¼ American college of cardiology; AF ¼ atrial fibrillation; AHA ¼ American heart association; COR ¼ class of recommendation; EACTS ¼ European Association for
Cardio-Thoracic Surgery; ESC ¼ European Society of Cardiology; FDA ¼ Food and Drug Administration; HRS ¼ Heart Rhythm Society; LAA ¼ left atrial appendage; LOE ¼ level
of evidence.
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modality, and the need for further randomized data
remain.
FDA APPROVAL AND GUIDELINES. The congregate
data from PROTECT AF, PREVAIL, and their respec-
tive registries led to the approval of LAAO with the
Watchman 2.5 (Boston Scientific) device by the Food
and Drug Administration (FDA) in 2015. In 2021, a
second LAAO device (Amulet, Abbott) was approved
by the FDA based on its noninferiority to the
Watchman 2.5 device.13 The Amulet investigational
device exemption trial, the largest published LAAO
trial to date, randomized 1,878 patients to LAAO with
the Watchman 2.5 device or the Amulet occluder. The
Amulet occluder was noninferior to the Watchman
device for the primary effectiveness endpoint (com-
posite of ischemic stroke or systemic embolism at
18 months, 2.8% vs 2.8%; P < 0.001 for noninferiority)
and for the composite of stroke, systemic embolism,
or cardiovascular/unexplained death (5.6% vs 7.7%;
P < 0.001 for noninferiority). Although professional
societies eventually incorporated LAAO in their
guidelines, their recommendations for LAAO are
weak (Class IIb, Level of Evidence: C) and critical of
the lack of robust evidence supporting LAAO14,15

(Table 2). In addition, to ensure the rational disper-
sion and continuous safety of the procedure, the FDA
required LAAO programs to adopt a shared decision-
making process involving nonimplanting physicians
and decision-aid tools and to participate in a national
registry for ongoing surveillance of clinical outcomes.

UTILIZATION RATES AND SAFETY DATA. Following
FDA approval, the utilization rates of LAAO in the U.S.
grew substantially, and the safety profile of the pro-
cedure remained excellent. Indeed, the success rates
recorded in national registries were higher, and the
complication rates were lower than those reported
in the pivotal trials and their nested registries
(Figure 3).16-21 In addition to providing reassurance
regarding the safety of LAAO in commercial settings,
a survey of the initial experience with LAAO in the US
reveals other important observations:

1. Off-label practices: LAAO for an off-label indica-
tion was not uncommon. For example, 14% of pa-
tients receiving LAAO in the US had atrial flutter
and not AF, a population that was not studied in
the RCT.17 In addition, operators frequently used
an off-label post-thrombotic regimen. For
example, the instructions for use of the Watchman
2.5 device require patients to remain on warfarin
for 45 days after the procedure. However, only 51%
of patients who received the device in the US
between 2016 and 2018 were discharged on
warfarin.22

2. Disparities in LAAO utilization: Most patients
who undergo LAAO in the U.S. were of White race.
In the LAAO registry, Black and Hispanic patients
represented only 4.6% and 0.6% of patients,
respectively.17,23

3. Disparities in LAAO outcomes: Although women
have been shown to be at higher risk of major
complications after various cardiovascular in-
terventions, the magnitude of difference in out-
comes between men and women after LAAO is
considerably higher. Data from the LAAO registry
and from the national readmission database
showed a 2-fold increase in major adverse events
with LAAO in women compared with men.24,25

Similarly, Black and Hispanic patients experi-
enced 30% and 90% higher rates of in-hospital
complications, respectively, after LAAO than
White patients.26

4. Differential impact of device type on safety out-
comes: The rate of in-hospital pericardial effusion
with the Watchman FLX device was 2.37%, of
which w50% were treated with percutaneous
drainage, and 11.4% required a cardiac surgery.21

This was substantially reduced with the second-
generation Watchman FLX device with which the



FIGURE 3 Procedural Outcomes in the NCDR LAAO Registry

(A) Procedural success in LAAO Registry compared with the early LAAO trials and their nested registries. (B) Procedural complications in the

LAAO Registry. CAP ¼ continuous access to PROTECT AF registry; EWOLUTION ¼ Registry on WATCHMAN Outcomes in Real-Life Utilization);

PE ¼ pericardial effusion; TIA ¼ transient ischemic attack.
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rate of pericardial effusion requiring intervention
was only 0.42%.27

5. Current data in the U.S. pertain only to the
Watchman FLX device and its predecessor;
Watchman 2.5. Postmarket outcome data with the
recently approved Amulet device in the U.S. are
not yet available.

EFFICACY DATA FOR LAAO

PROTECT AF and PREVAIL paved the way for reg-
ulatory approval of LAAO in the U.S. in 2015.
However, societal guidelines on AF management
highlight the need for more randomized data sup-
porting the efficacy of LAAO.14,15 Several prospec-
tive trials have been commenced to address this
need. A summary of the trials, their objective, and
their characteristics is shown in Tabel 3. The results
of these trials will be essential to further validate
the efficacy of the LAAO concept overall and to
assess its role in low-risk patients as well as in
special population (eg, patients with contraindica-
tion to anticoagulation, patients with aortic stenosis
undergoing transcatheter aortic valve replacement,
and patients undergoing catheter ablation for AF).
Other prospective trials that are being currently



TABLE 3 Overview of Current and Planned Randomized Trials on Percutaneous LAAO

Study Name/Sponsor Trial Size Trial Objective Intervention Control Primary Outcome Measures Follow-Up

CHAMPION-AF
(NCT04394546)

Boston Scientific

3,000 Assess the role of LAAO in
NVAF patients who are
eligible for long-term DOAC

LAAO with Watchman/
FLX

DOAC Composite of ischemic stroke or
SE; Composite of ischemic
stroke, SE, or CV death (NI);
nonprocedural major
bleeding (S)

3 y

CATALYST
(NCT04226547)

Abbott

2,650 Assess the role of LAAO in
NVAF patients who are
eligible for long-term DOAC

LAAO with Amulet DOAC Composite of ischemic stroke or
SE; Composite of ischemic
stroke, SE, or CV death (NI);
nonprocedural major
bleeding (S)

3 y

OCCLUSION-AF
(NCT03642509)

Aarhus University

750 Assess the role of LAAO in
NVAF patients who are
eligible for long-term DOAC

LAAO with Amulet or
Watchman

DOAC Composite of stroke, SE, major
bleeding, and all-cause
mortality

5 y

CLOSURE-AF
(NCT03463317)

Charite University

1,512 Assess the role of LAAO in
NVAF patients with high
bleeding risk or
contraindication to OAC

CE-mark/approved
LAAO device

DOAC or VKA Composite of stroke, SE, major
bleeding (BARC type 3-5),
CV, or unexplained death

2 y

STROKECLOSE
(NCT02830152)

Nordic Universities

750 Assess the role of LAAO in
NVAF patients with an
ICH within 12 mo

LAAO with Amulet Medical therapy Composite of stroke, SE,
major bleeding, and
all-cause mortality

5 y

CLEARANCE
(NCT04298723)

Jena University

550 Assess the role of LAAO in
NVAF patients with a history
of ICH

LAAO with Watchman
FLX

Medical therapy Composite of stroke, SE, BARC
type 2-5 bleeding, and
CV or unexplained death

2 y

COMPARE-LAAO
(NCT04676880)

R&D Cardiologie

609 Assess the role of LAAO in
NVAF patients with
contraindication for OAC

LAAO with Watchman
FLX or Amulet

Antiplatelets or
no therapy

Time to first occurrence of stroke;
Time to first occurrence of the
stroke, TIA, or SE; Procedural
complications

5 y

OPTION
(NCT03795298)

Boston Scientific

1,600 Assess the role of LAAO in
NVAF patients undergoing
catheter ablation for AF

LAAO with Watchman/
FLX

DOAC Composite of stroke, death, or
SE (NI); nonprocedural major
bleeding (S)

3 y

WATCH-TAVR
(NCT03173534)

Boston Scientific

350 Assess the role of LAAO in
NVAF patients undergoing
TAVR

TAVR þ LAAO with
Watchman

TAVR þ medical
therapy

All-cause mortality, stroke, and
bleeding

1 y

CONFORMa

(NCT05147792)
Conformal Medical

1,400 Assess the performance of
the CLAAS device
(head-to-head device trial)

LAAO with CLASS
device

LAAO with
Watchman
FLX or
Amulet

Procedure-related complications,
all-cause death, major
bleeding (12 mo); ischemic
stroke or SE (18 mo)

1.5 y

WAVECREST2a

(NCT03302494)
Coherex Medical

1,550 Assess the performance of
the WaveCrest device
(head-to-head device trial)

LAAO with
WaveCrest

LAAO with
Watchman

Procedure-related complications
(45 d), all-cause death; major
bleeding; ischemic stroke or SE
(24 mo)

2 y

aActive, not yet recruiting.

BARC ¼ Bleeding Academic Research Consortium; CE ¼ Conformite Europeenne; CLAAS¼ Conformal; CV ¼ cardiovascular; DOAC ¼ direct oral anticoagulant; ICH ¼ intracranial hemorrhage;
LAAO ¼ left atrial appendage occlusion; NI ¼ noninferiority; NVAF ¼ nonvalvular atrial fibrillation; OAC ¼ oral anticoagulation; S ¼ superiority; SE ¼ systemic embolization;
TAVR ¼ transcatheter aortic valve replacement; TIA ¼ transient ischemic attack; VKA ¼ vitamin-K antagonist.
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considered pertain to the emerging concept of
combining LAAO with anticoagulation to achieve
optimal stroke prevention. This concept stems from
recent randomized data (LAAOS III trial) that
demonstrated the superiority of surgical LAA
closure along with anticoagulation to anti-
coagulation alone in AF patients undergoing a car-
diac surgery.28 In this trial, patients who underwent
LAA closure had a 33% relative risk reduction of
ischemic stroke or systemic embolization compared
with those treated with anticoagulation alone (HR:
0.67; 95% CI: 0.53-0.85; P ¼ 0.001).28 Although this
approach would be only limited to patients eligible
for long-term anticoagulation, a proof-of-concept
observational study recently showed that results
after adding a reduced dose of oral anticoagulant to
LAAO are superior to those with LAAO alone sug-
gesting that a tailored combination therapy might
be feasible even in high-bleeding-risk patients.29

DEVICE-RELATED THROMBUS

Thrombus formation on LAAO devices has been a
subject of major concern.30 Numerous studies have
documented the incidence of DRT, its timing, and its
association with adverse events. Fewer studies have
investigated the predisposing factors to DRT and the
effectiveness of its various management strategies.

https://clinicaltrials.gov/ct2/show/NCT04394546
https://clinicaltrials.gov/ct2/show/NCT04226547
https://www.clinicaltrials.gov/ct2/show/NCT03642509
https://clinicaltrials.gov/ct2/show/NCT03463317
https://clinicaltrials.gov/ct2/show/NCT02830152
https://clinicaltrials.gov/ct2/show/NCT04298723
https://clinicaltrials.gov/ct2/show/NCT04676880
https://clinicaltrials.gov/ct2/show/NCT03795298
https://clinicaltrials.gov/ct2/show/NCT03173534
https://clinicaltrials.gov/ct2/show/NCT05147792
https://clinicaltrials.gov/ct2/show/NCT03302494


FIGURE 4 Predictors of DRT in the LAAO Literature

AF ¼ atrial fibrillation; APT ¼ antiplatelet therapy; DRT ¼ device-related thrombus;

LAA ¼ left atrial appendage; LVEF ¼ left ventricular ejection fraction; OAC ¼ oral

anticoagulation; TIA ¼ transient ischemic attack.
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FREQUENCY AND TIMING OF DRT. The incidence of
DRT in PROTECT AF, PREVAIL, and their nested
continuous access registries was 3.74%.31 Notably,
one-third of DRT cases were detected at the time of
unplanned transesophageal echocardiograms (TEEs).
In a meta-analysis including >10,000 patients, the
pooled incidence of DRT was 3.8%.32 In this meta-
analysis, the diagnosis was made in <90, 90 to 365,
and >365 days in 42%, 57%, and 1% of patients,
respectively. In the Amulet IDE trial, the incidence of
DRT at 18 months was 3.3% in the Amulet arm and
4.5% in the Watchman arm.13 In a prospective registry
with the second-generation Watchman FLX devices,
the DRT rate was 1.7% at 1 year with 3 of 7 cases
detected beyond 300 days after the procedure.33

CLINICAL SIGNIFICANCE OF DRT. The association of
DRT with thromboembolic events is well established.
In the pivotal Watchman trials, 26.2% of patients with
DRT experienced a stroke or systemic embolism event
within 6 months of DRT detection.31 In a global
dedicated DRT registry, DRT was associated with >3-
fold increase in the risk of ischemic stroke (HR: 3.49;
95% CI: 1.35-9.00; P ¼ 0.01).34 In the EURO-DRT
(European-Canadian device related thrombus regis-
try) registry, the incidence of stroke and death at
2 years among patients with DRT was 13.8% and 20%,
respectively.35 In a meta-analysis of 66 studies, the
incidence of ischemic stroke was 13.2% in patients
with DRT vs 3.8% in patients without DRT (odds ratio:
5.27; 95% CI: 3.66-7.59; P < 0.001).32

RISK FACTORS FOR DRT. Identifying predisposing
factors for DRT is crucial to optimize risk stratification
and procedural outcomes. However, this task has
been challenging due to the large number of potential
risk factors and the low DRT event rate overall.
Nonetheless, several predictors of DRT have been
identified in the literature (Figure 4).30,34 One study
attempted to model a risk-prediction scheme (the
DRT score) to provide a practical aid for clinicians
when considering patients for LAAO. The DRT score
was derived from an international registry of 711 pa-
tients (237 with and 474 without DRT).34 In this reg-
istry, among >40 candidate risk factors considered in
the logistic regression model, 5 were independently
predictive of DRT (hypercoagulopathy, renal insuffi-
ciency, permanent AF, deep device implantation, and
pericardial effusion). Although the type of post-LAAO
antithrombotic therapy in this global registry did not
impact the risk of DRT, other studies yielded opposite
conclusions. In the Watchman trials and nested reg-
istries, the incidence of DRT was higher when the
post-LAAO regimen included antiplatelets therapy
alone vs anticoagulation (3.1% vs 1.4%, P ¼ 0.018).36

In the NCDR LAAO (National Cardiovascular Data
Registry Left Atrial Appendage Occlusion) registry, a
short course of anticoagulation with warfarin or a
DOAC after the procedure was associated with a lower
incidence of major adverse events through 6 months
of follow-up.22 Finally, whether the risk of DRT is
device-specific remains uncertain. The Amulet device
had a slightly lower DRT rate than the Watchman 2.5
device in the Amulet IDE trial, and this was hypoth-
esized to be related to the larger neo-LAA that re-
mains with plug-based vs disc-lobe device and to the
differential impact on device design on healing and
endothelialization (Figure 5).13,37,38 This concept re-
mains to be corroborated in further studies.

Emerging concepts in DRT prediction include the
potential role of flow dynamics on thrombus forma-
tion and the early detection of DRT precursors using
cardiac computed tomography (CCT). Mill et al39

reported a proof-of-concept use of computational
modeling to potentially predict DRT based on flow
dynamic patterns. Using a web-based interactive
virtual implantation platform, Aguado et al40 showed
that computational flow dynamic simulations may be
able to predict the most appropriate LAAO configu-
rations (type of device, size, landing zone) for a given
patient-specific LAA morphology to reduce the risk of
DRT. A multicenter collaborative study is currently
underway to further explore this concept with pre-
liminary data showing promising results. The
growing use of CCT in post-LAAO surveillance also
afforded a unique opportunity to further understand
the patterns of DRT on contemporary LAAO devices.
In a recent study by Kramer et al,41 the authors
assessed the frequency and phenotypes of hypo-
attenuated thickening (HAT) observed on CCT after
LAAO with the Watchman FLX device. Although the



FIGURE 5 Endothelialization after LAAO With Different Occluders

Shown are the Amulet Occluder (A to C) and Watchman 2.5 Device (D to F). (A and D) Gross inspection showing both devices properly positioned. (B and E)Microscopic

inspection using hematoxylin and eosin stain showing both devices with complete left atrial appendage cavity fibrosis and seal with no peridevice leak. (C and F)

Scanning electron microscopy showing bare components of both devices with exposed fabric and/or exposed attachment hubs. Disruption of tissues covering the device

during explant sloughed off neoendothelium on the Amulet Occluder, as the edge of the neoendothelium is not tapered and has sharp demarcations (C, red arrow).

Reprinted with permission from Ellis et al. J Am Coll Cardiol EP. 2022;8(6):828-829. https://doi.org/10.1016/j.jacep.2022.01.024. MV ¼ mitral valve; RBC ¼ red

blood cells.
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study was not powered for correlation of different
HAT patterns with clinical events, it was the first
study to propose a framework for assessing normal
device healing vs the various patterns of HAT/DRT
after LAAO41 (Figure 6).

TREATMENT OF DRT. The management of DRT con-
tinues to represent a clinical conundrum. Although
some studies suggested that oral or parenteral anti-
coagulants are effective in resolving DRT in majority
of patients, several issues remain. First, most patients
referred for LAAO are not suitable candidates for
intensified or prolonged anticoagulation regimens
and may therefore be left with 2 opposing high-risk
scenarios (risk of embolic events with DRT vs risk of
major bleeding with resumption or initiation of anti-
coagulation). Second, even among patients treated
with anticoagulation, DRT persists in 20% to 25% of
them, and they experience substantially higher
morbidity and mortality.34,35 Third, even when DRT is
resolved with anticoagulation, recurrence rates are
high (35% while still on anticoagulation, and 50%
when anticoagulation is stopped).42 Finally, not all
DRTs are the same, and the management of large
and/or highly mobile thrombi remains uncertain. The
feasibility of transcatheter aspiration of DRT has been
reported, but the safety and efficacy of this approach
for the routine management of high-risk DRTs has not
been established.43 Iterative LAAO device designing
also considered the risk of DRT. For example, the
Watchman FLX device has significantly less exposed
metal screw on the surface of the device to reduce the
risk of DRT. Device manufactures are also exploring
novel preventative methods of DRT such as the
addition of antithrombotic device coating to mini-
mize the risk of thrombus formation on the device
akin to what has been used with drug-coated stents.

PERI-DEVICE LEAK

The proposed mechanism of action of LAAO is that
the exclusion of the trabeculated LAA tissue from the
systemic circulation will lead to a lower risk of
thromboembolic events as the LAA is the source of
thrombi in most patients with nonvalvular AF. How-
ever, there is ample evidence now that percutaneous
LAAO devices frequently do not achieve “complete

https://doi.org/10.1016/j.jacep.2022.01.024


FIGURE 6 Suggested Algorithm for Assessment of Device Thrombus and Hypoattenuating Thickening After LAAO With the Watchman FLX Device

HAT ¼ hypoattenuating thickening.
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occlusion” of the appendage, raising the question of
whether the term “occlusion” is indeed a misnomer.

FREQUENCY OF PDL. The incidence of PDL varies
considerably due to the lack of consensus on leak
detection and classification methodology. Further-
more, the cutoff for what is considered a potentially
significant leak differs across studies. Nonetheless,
the literature suggests a high incidence of PDL after
LAAO, with higher rates reported in RCTs with core
lab adjudication than in observational registries.44 In
PROTECT AF, any PDL was present in 40.9% of pa-
tients at 45 days, which decreased to 32.1% at 1 year.45
Leaks >3 mm in diameter were present in 13.3% at
45 days and in 11.8% at 1 year. In the Amulet IDE trial,
any PDL at 45 days was present in 37% and 54% of
patients randomized to the Amulet vs Watchman
device, respectively.13 In addition, leaks >3 mm in
diameter were detected in 10% and 25% of patients in
the Amulet vs Watchman arms, respectively. In a
large real-world study including 51,333 patients
enrolled in the NCDR LAAO registry, any PDL was
documented in 26.6% of patients at 45 days.16 All the
abovementioned studies included patients treated
with the first-generation Watchman 2.5 device. The
newer Watchman FLX device has not been assessed



FIGURE 7 Mechanism of Peri-Device Leak After Left Atrial Appendage Occlusion With the Watchman Device

Illustration of the different mechanisms of peri-device leaks. (A) Point to the non-coaxial device (white arrows). (B) Uncovered lobe. (C) Point

to the proximal side lobe (white arrows).
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in a randomized trial. However, data from the pro-
spective PINNACLE (Protection Against Embolism for
Nonvalvular AF Patients: Investigational Device
Evaluation of the Watchman FLX LAA Closure Tech-
nology) registry (n ¼ 400) adjudicated by an echo-
cardiography core lab suggested a lower incidence of
PDL with the FLX device (any PDL 17.4% at 45 days
and 10.5% at 1 year).33 A large portfolio of LAAO de-
vices are being currently evaluated in preclinical and
early feasibility studies. Whether these devices will
offer an incremental advantage over the Amulet and
Watchman FLX devices with regards to attaining a
complete seal of the LAA remains to be seen. Pre-
liminary data with a novel foam-based conformable
device (Conformal, Conformal Medical Inc) suggest
that the device is effective in achieving a complete
seal of the LAA in w94% of patients.46

CLINICAL IMPACT OF PDL. Studies attempting to
assess whether PDL is associated with a negative
impact on clinical outcomes were challenged by
several important limitations. First, the rate of stroke
or systemic embolization following LAAO is low, and
hence, exploring the independent impact of PDL on
outcomes requires a very large sample size. Second,
the definition of significant vs insignificant leak var-
ies between sites, relies mostly on arbitrary cutoffs of
the leak diameter (eg, >3 mm, >5 mm), and does not
consider the various mechanisms of the PDL
(Figure 7).47,48 Third, there is a wide variability in the
assessment and classification of PDL in clinical prac-
tice. Fourth, patients with large leaks are currently
recommended to remain on anticoagulation, and
hence, assessing the differential impact of the resid-
ual leak on outcomes in these patients is confounded
by a major treatment bias. Therefore, until recently,
all published studies that explored this question
concluded that PDLs were not associated with
thromboembolic events.33,45,49,50 Nonetheless, 2
recently presented studies have challenged this
assumption. The first is an analysis from the NCDR



FIGURE 8 Clinical Impact of Peri-Device Leak After Left Atrial Appendage Occlusion

With the Watchman Device

(A) Data from the Pivotal Trial (PROTECT AF, PREVAIL, and CAP-1). (B) Data from the

NCDR LAAO Registry. CI ¼ confidence interval; HR ¼ hazard ratio; LAAO ¼ left atrial

appendage occlusion; PDL ¼ peridevice leak; PREVAIL ¼ Evaluation of the WATCHMAN

Left Atrial Appendage (LAA) Closure Device in Patients With Atrial Fibrillation Versus

Long Term Warfarin Therapy); PROTECT AF ¼ WATCHMAN Left Atrial Appendage

System for Embolic PROTECTion in Patients With Atrial Fibrillation; SE ¼ systemic

embolization; TIA ¼ transient ischemic attack.
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LAAO registry that documented an association be-
tween small leaks (defined as those <5 mm) detected
at 45 days after LAAO and major adverse events
(driven by ischemic stroke and transient ischemic
attack) through 1 year (HR: 1.15; 95% CI: 1.02-1.29).16

The second is a long-term analysis from PROTECT-
AF and PREVAIL trials and the continuous access to
PROTECT AF-2 prospective registry.51 In this analysis,
small leaks (<5 mm) detected at 1 year were signifi-
cantly associated with stroke/systemic embolization
(9.9% vs 5.1%, P ¼ 0.008) (Figure 8).

MANAGEMENT OF PDL. The recent data on PDL
suggested that the commonly encountered PDL may
not be benign and carries a hazard of major adverse
events. However, these studies offered no further
insights into the ideal management strategies of
PDLs. The current literature of PDL management is
sparse. Techniques to minimize PDLs have been
described, but data on their impact on PDL mitigation
are limited. For example, the role of preprocedural
CCT and simulation software to achieve optimal de-
vice sizing and coaxial alignment with the LAA has
been advocated to achieve a better LAA seal, but the
effectiveness of this approach has not been thor-
oughly studied. Only 1 study to date suggested a po-
tential positive impact of routine preprocedural CCT
on reducing the risk of PDL after LAAO. The emer-
gence of various occluder devices with enhanced
sealing mechanisms and the availability of steerable
delivery sheaths may further enhance the operator’s
ability to attain complete closure of the LAAO
although studies supporting this assumption
remain necessary.

Closure of PDL with coils, plugs, and occluders has
been reported in several case series.48,52-54 Although
these studies showed that complete or near-complete
obliteration of the leak is feasible in >90% of patients
with low complication rates, the long-term efficacy of
this approach is unknown.49 Watchful waiting has
been proposed as a potential strategy for patients
with smaller PDLs due to the documented regression
of leaks <5 mm in 20% to 40% of patients.33,45,55

Whether this is a true leak regression due to atrial
remodeling or whether it represents variations in
imaging acquisition and interpretation is uncertain. It
might be reasonable to observe these patients with
repeated imaging considering the limited safety and
efficacy data on the alternative approaches such as
resumption of anticoagulation or interventional leak
closure.

PROCEDURAL OPTIMIZATION

Data from the NCDR LAAO registry documented
excellent procedural outcomes with early commercial
experience with LAAO in the U.S., including an im-
plantation success of >98% and major complication
rate of 2.2%.17 Yet, opportunities for further
improvement remain considering the preventative
nature of the procedure.

PROCEDURAL VOLUMES. Contrary to other struc-
tural heart interventions, there are no specific insti-
tutional requirements to starting an LAAO program
besides having surgical backup on site.56 Hence, the
number of hospitals and physicians performing LAAO
exceeded 490 and 1,100, respectively, within 2 years
after the FDA approved the procedure.21 During the
same period, the median annual institutional and



FIGURE 9 Computational Modeling for Optimization of Left Atrial Appendage Occluder Implantation

Illustration of the impact of device size and deployment location of leaks in 2 patients, one treated with the Watchman FLX device (A, B) and

one treated with the Amulet device (C, D).
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operator volume was 30 and 12 LAAO procedures,
respectively. Similar to what is shown with other
transcatheter interventions, several studies have
shown the importance of maintaining adequate
operator experience to achieve optimal outcomes.
Nazir et al57 showed that a low procedural volume
(<15 per year) was associated with a 2-fold increase in
major adverse events. Jung et al19 suggested a
threshold of 32 cases per institution are needed to
attain procedural proficiency. Most recently, data
from the Amulet IDE trial revealed that the higher
rate of pericardial effusion in the Amulet device arm
was driven by the inexperience of U.S. operators with
the device, suggesting that the impact of operator’s
experience on safety outcomes may be device-spe-
cific.58 With the rapid growth in the number of hos-
pitals and operators performing LAAO and the
number of available LAAO devices, there is a need to
define the appropriate general and device-specific
LAAO experience at both the hospital and the indi-
vidual operator level to ensure the continuous safety
and efficacy of the procedure. Furthermore, there is a
need to collate site-specific performance metrics
beyond procedural complications (eg, quality of
shared decision-making and the adequacy of LAA
closure) to better evaluate LAAO programs.
PROCEDURAL PLANNING. TEE is considered the
gold-standard modality to assess the size and shape
of the LAA prior to the procedure. However, it has
now been repeatedly shown that CCT provides a more
accurate assessment of the LAA, its geometry, and its
dimensions.59-61 Yet, CCT remains underutilized due
to the lack of a standardized methodology in
acquiring and interpreting the computed tomography
images.62-64 Nonetheless, a contemporary software
program not only provides a user-friendly platform to
assess the LAA sizing but also allows virtual implan-
tation of various devices to assess the location, seal,
and compression with different LAAO approaches
(Figure 9). This has been shown to improve device
selection, reduce the number of implantation at-
tempts, and improve procedural time.65 Furthermore,
recent studies have shown that CCT is more sensitive
than TEE in the detection of postprocedural device



FIGURE 10 Simplified Imaging Protocol for ICE-Guided LAAO

Contrary to the 4 traditional views obtained with transesophageal echo (0, 45, 90, 135 degrees), assessing LAAO with ICE can be adequately achieved with imaging

obtaining 2 orthogonal views from 2 locations (mid left atrium and across the mitral valve). (A) Mid-left atrial view; (B) transmitral view. ICE ¼ intracardiac

echocardiogram; LAA ¼ left atrial appendage.

FIGURE 11 Trends

Data from Vizient Cl
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complications such as DRT or PDL.62,66 Albeit specu-
lative, CCT may soon become the imaging tool of
choice for pre- and post-LAAO assessments with easy-
to-use machine learning-enabled interactive
in Same-Day Discharge After Left Atrial Appendage Occlusion

inical Database (n ¼ >45,000).
platforms that can be embedded in the routine
workflow of the LAAO practice.67-69

THE MINIMALIST APPROACH. Akin to what has been
observed with transcatheter aortic valve replace-
ment, there is a growing adoption of a minimalist
approach to LAAO. This has manifested with the ris-
ing interest of intracardiac-echo (ICE)-guided LAAO,
the emergence of contrast-free LAAO, and the
increasing trends for same-day discharge following
the procedure.

ICE-gu ided LAAO. The feasibility for ICE (vs TEE)-
guided LAAO has been confirmed in many single-
center and multicenter observational studies.70 Yet,
the adoption rate of ICE in U.S. LAAO practices
remained low primarily due to the associated learning
curve, the limitations of 2D-ICE, the limited offering
of formal educational programs, and the few con-
sensuses regarding the optimal methodologies for
imaging acquisition, interpretation, and reporting.71

Efforts to validate simple and effective ICE imaging
techniques are underway (Figure 10). In addition, the
advent of novel 3D- and 4D-ICE technologies has
transformed intraprocedural imaging, refueling the
interest in ICE-guided LAAO especially during the



FIGURE 12 Contrast-Free LAAO Using a Novel 4D-ICE Probe

(A) Shows the location of ICE probe on fluoroscopy during deployment. (B, C) Shows the LAA after closure on multiplane 3D imaging from different perspectives.

Reprinted with permission from Alkhouli et al. J Am Coll Cardiol Intv. 2021:8;14(21):2407-2409. CAU ¼ caudal; ICE ¼ intracardiac echocardiogram; LAAO ¼ left atrial

appendage occlusion; RAO ¼ right anterior oblique.
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COVID-19 pandemic.72-75 With the ongoing advance-
ments in the ICE technology, it is anticipated that ICE
will become a key imaging modality for procedural
guidance in a growing number of LAAO cases
worldwide.

Same-day discharge . As the safety of LAAO con-
tinues to improve, the interest in optimizing resource
utilization and cost-effectiveness of the procedure
continues to grow. Tan et al76 demonstrated the
safety and feasibility of same-day discharge after
LAAO regardless of the imaging modality utilized (ICE
vs TEE). This approach has also been shown to reduce
the cost of the LAAO procedure by 15%.77 Recent data
from a large sample of academic centers in the US
revealed a rapid uptake in same-day discharge in the
last 2 years with rates approaching 25% of all cases in
2021 (Figure 11).
Contrast- less LAAO. Patients referred for LAAO are
usually elderly and have a high (15%-25%) prevalence
of chronic renal insufficiency.17,78-80 Hence, these
patients are at risk of developing acute kidney injury
(AKI) after the procedure, which has been shown to
carry major negative prognostic implications. In 1
study, the incidence of AKI after LAAO was 9%, and
this was associated with a 2.5-fold increase in all-
cause mortality at 18 months.80 In another study,
AKI after LAAO was associated with a 60% higher
readmission rate at 6 months.79 Hence, efforts have
been made to optimize iodine contrast usage in the
procedure to mitigate the risk of AKI. Proof-of-
concept studies have shown the utility of contrast-
free LAAO aided by 3D TEE, ICE, or 3D ultrasound
mapping (Figure 12).81,82 If validated in future studies,
contrast-free LAAO can be a promising alternative for
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selected patients with an advanced kidney
disease and those at risk of contrast-induced
nephropathy.

CONCLUSIONS

LAAO has become a mainstream strategy to address
the unmet needs for stroke prevention in a growing
number of patients with nonvalvular AF. Despite its
excellent safety profile, concerns remain regarding
the limited efficacy data, the growing evidence of
adverse long-term sequalae of DRT and PDL, and the
need for procedural simplification and optimization.
These remaining challenges are being addressed in
many clinical and preclinical investigations. The re-
sults of these studies will further inform the field
about the future of LAAO as a promising stroke-
prevention modality.
FUNDING SUPPORT AND AUTHOR DISCLOSURES

Dr Alkhouli has served on the advisory board for and received research

grant support (institutional) from Boston Scientific and Philips; and has

received consultation fees from Abbott and Biosense Webster. Dr Ellis is

on the advisory board for Atricure, Abbott Medical, Boston Scientific,

and Medtronic; and has received research grant (institutional) from

Boston Scientific, Medtronic, and Boehringer-Ingelheim. Dr Daniels is

on the advisory board of and has received speaker fees from Abbott and

Bristol Myers Squibb. Dr Coylewright has received honoraria and

research funding from Edwards LifeSciences and Boston Scientific; and

honoraria from W.L. Gore. Dr Nielsen-Kudsk is a consultant/proctor for

Abbott and Boston Scientific. Dr Holmes has reported that he has no

relationships relevant to the contents of this paper to disclose.

ADDRESS FOR CORRESPONDENCE: Dr Mohamad
Alkhouli, Mayo Clinic, 200 First Street SW, Rochester,
Minnesota 55905, USA. E-mail: Alkhouli.Mohamad@
mayo.edu.
RE F E RENCE S
1. Reddy VY, Doshi SK, Kar S, et al. 5-Year out-
comes after left atrial appendage closure: from
the PREVAIL and PROTECT AF trials. J Am Coll
Cardiol. 2017;70:2964–2975.

2. Holmes DR Jr, Alkhouli M, Reddy V. Left atrial
appendage occlusion for the unmet clinical needs
of stroke prevention in nonvalvular atrial fibrilla-
tion. Mayo Clin Proc. 2019;94:864–874.

3. Alkhouli M, Alqahtani F, Aljohani S, Alvi M,
Holmes DR. Burden of atrial fibrillation-associated
ischemic stroke in the United States. J Am Coll
Cardiol EP. 2018;4:618–625.

4. Holmes DR Jr, Alkhouli M. The history of the
left atrial appendage occlusion. Card Electro-
physiol Clin. 2020;12:1–11.

5. Blackshear JL, Odell JA. Appendage obliteration
to reduce stroke in cardiac surgical patients with
atrialfibrillation.Ann Thorac Surg. 1996;61:755–759.

6. Khan SU, Khan MZ, Alkhouli M. Reader’s com-
ments: trends in the utilization of left atrial
appendage exclusion in the United States. Am J
Cardiol. 2020;126:106–107.

7. Holmes DR Jr, Doshi SK, Kar S, et al. Left atrial
appendage closure as an alternative to warfarin
for stroke prevention in atrial fibrillation: a
patient-level meta-analysis. J Am Coll Cardiol.
2015;65:2614–2623.

8. Osmancik P, Herman D, Neuzil P, et al. Left
atrial appendage closure versus direct oral anti-
coagulants in high-risk patients with atrial fibril-
lation. J Am Coll Cardiol. 2020;75:3122–3135.

9. Osmancik P, Herman D, Neuzil P, et al. 4-Year
outcomes after left atrial appendage closure
versus nonwarfarin oral anticoagulation for atrial
fibrillation. J Am Coll Cardiol. 2022;79:1–14.

10. Alkhouli M, Friedman PA. Ischemic stroke risk
in patients with nonvalvular atrial fibrillation:
JACC review topic of the week. J Am Coll Cardiol.
2019;74:3050–3065.

11. Khan MS, Ochani RK, Shaikh A, et al. Fragility
index in cardiovascular randomized controlled
trials. Circ Cardiovasc Qual Outcomes. 2019;12:
e005755.

12. Busu T, Khan SU, Alhajji M, Alqahtani F,
Holmes DR, Alkhouli M. Observed versus expected
ischemic and bleeding events following left atrial
appendage occlusion. Am J Cardiol. 2020;125:
1644–1650.

13. Lakkireddy D, Thaler D, Ellis CR, et al.
Amplatzer Amulet left atrial appendage occluder
versus Watchman device for stroke prophylaxis
(Amulet IDE): a randomized, controlled trial. Cir-
culation. 2021;144:1543–1552.

14. Hindricks G, Potpara T, Dagres N, et al. 2020
ESC guidelines for the diagnosis and management
of atrial fibrillation developed in collaboration
with the European Association for Cardio-Thoracic
Surgery (EACTS): the task force for the diagnosis
and management of atrial fibrillation of the Eu-
ropean Society of Cardiology (ESC) developed
with the special contribution of the European
Heart Rhythm Association (EHRA) of the ESC. Eur
Heart J. 2021;42:373–498.

15. January CT, Wann LS, Calkins H, et al. 2019
AHA/ACC/HRS focused update of the 2014 AHA/
ACC/HRS guideline for the management of pa-
tients with atrial fibrillation: a report of the
American College of Cardiology/American Heart
Association task force on clinical practice guide-
lines and the Heart Rhythm Society. J Am Coll
Cardiol. 2019;74:104–132.

16. Alkhouli M, Du C, Killu A, et al. Clinical impact
of residual leaks following left atrial appendage
occlusion: insights from the NCDR LAAO registry.
JACC Clin Electrophysiol. 2022;8(6):766–778.
17. Freeman JV, Varosy P, Price MJ, et al. The
NCDR left atrial appendage occlusion registry.
J Am Coll Cardiol. 2020;75:1503–1518.

18. Friedman DJ, Du C, Wang Y, et al. Patient-level
analysis of Watchman left atrial appendage oc-
clusion in practice versus clinical trials. J Am Coll
Cardiol Intv. 2022;15:950–961.

19. Jung RG, Simard T, Killu A, et al. Learning
curve and outcomes of left atrial appendage
closure. J Am Coll Cardiol Intv. 2021;14:2750–
2752.

20. Price MJ, Slotwiner D, Du C, et al. Clinical
outcomes at 1 year following transcatheter left
atrial appendage occlusion in the United States.
J Am Coll Cardiol Intv. 2022;15:741–750.

21. Price MJ, Valderrabano M, Zimmerman S, et al.
Periprocedural pericardial effusion complicating
transcatheter left atrial appendage occlusion: a
report from the NCDR LAAO registry. Circ Car-
diovasc Interv. 2022;15:e011718.

22. Freeman JV, Higgins AY, Wang Y, et al.
Antithrombotic therapy after left atrial appendage
occlusion in patients with atrial fibrillation. J Am
Coll Cardiol. 2022;79:1785–1798.

23. Alkhouli M, Alqahtani F, Holmes DR,
Berzingi C. Racial disparities in the utilization and
outcomes of structural heart disease interventions
in the United States. J Am Heart Assoc. 2019;8:
e012125.

24. Darden D, Duong T, Du C, et al. Sex differences
in procedural outcomes among patients undergo-
ing left atrial appendage occlusion: insights from
the NCDR LAAO registry. JAMA Cardiol. 2021;6:
1275–1284.

25. Osman M, Patel B, Munir MB, et al. Sex-
stratified analysis of the safety of percutaneous
left atrial appendage occlusion. Catheter Car-
diovasc Interv. 2021;97:885–892.

mailto:Alkhouli.Mohamad@mayo.edu
mailto:Alkhouli.Mohamad@mayo.edu
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref1
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref1
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref1
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref1
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref2
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref2
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref2
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref2
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref3
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref3
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref3
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref3
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref4
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref4
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref4
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref5
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref5
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref5
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref6
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref6
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref6
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref6
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref7
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref7
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref7
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref7
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref7
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref8
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref8
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref8
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref8
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref9
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref9
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref9
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref9
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref10
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref10
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref10
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref10
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref11
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref11
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref11
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref11
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref12
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref12
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref12
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref12
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref12
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref13
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref13
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref13
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref13
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref13
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref14
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref15
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref15
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref15
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref15
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref15
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref15
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref15
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref15
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref16
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref16
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref16
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref16
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref17
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref17
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref17
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref18
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref18
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref18
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref18
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref19
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref19
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref19
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref19
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref20
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref20
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref20
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref20
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref21
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref21
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref21
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref21
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref21
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref22
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref22
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref22
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref22
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref23
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref23
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref23
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref23
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref23
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref24
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref24
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref24
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref24
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref24
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref25
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref25
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref25
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref25


J A C C : A D V A N C E S , V O L . 1 , N O . 5 , 2 0 2 2 Alkhouli et al
D E C E M B E R 2 0 2 2 : 1 0 0 1 3 6 Advances and Open Questions with LAAO

17
26. Khan MZ, Munir MB, Darden D, et al. Racial
disparities in in-hospital adverse events among
patients with atrial fibrillation implanted with a
Watchman left atrial appendage occlusion device:
a US national perspective. Circ Arrhythm Electro-
physiol. 2021;14:e009691.

27. Kapadia S, et al. Real-World Outcomes With
WATCHMAN FLX: Early Results From SURPASS L,
CRT. 2022.

28. Whitlock RP, Belley-Cote EP, Paparella D,
et al. Left atrial appendage occlusion during car-
diac surgery to prevent stroke. N Engl J Med.
2021;384:2081–2091.

29. Della Rocca DG, Magnocavallo M, Di Biase L,
et al. Half-dose direct oral anticoagulation versus
standard antithrombotic therapy after left atrial
appendage occlusion. J Am Coll Cardiol Intv.
2021;14:2353–2364.

30. Simard TJ, Hibbert B, Alkhouli MA,
Abraham NS, Holmes DR Jr. Device-related
thrombus following left atrial appendage occlu-
sion. EuroIntervention. 2022;18:224–232.

31. Dukkipati SR, Kar S, Holmes DR, et al. Device-
related thrombus after left atrial appendage
closure: incidence, predictors, and outcomes. Cir-
culation. 2018;138:874–885.

32. Alkhouli M, Busu T, Shah K, Osman M,
Alqahtani F, Raybuck B. Incidence and clinical
impact of device-related thrombus following
percutaneous left atrial appendage occlusion: a
meta-analysis. J Am Coll Cardiol EP. 2018;4:1629–
1637.

33. Kar S, Doshi SK, Sadhu A, 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.

34. Simard T, Jung RG, Lehenbauer K, et al. Pre-
dictors of device-related thrombus following
percutaneous left atrial appendage occlusion.
J Am Coll Cardiol. 2021;78:297–313.

35. Sedaghat A, Vij V, Al-Kassou B, et al. Device-
related thrombus after left atrial appendage
closure: data on thrombus characteristics, treat-
ment strategies, and clinical outcomes from the
EUROC-DRT-registry. Circ Cardiovasc Interv.
2021;14:e010195.

36. Sondergaard L, Wong YH, Reddy VY, et al.
Propensity-matched comparison of oral anti-
coagulation versus antiplatelet therapy after left
atrial appendage closure with WATCHMAN. J Am
Coll Cardiol Intv. 2019;12:1055–1063.

37. Rashid HN, Layland J. Association between
device-related thrombus and the neo-appendage
with left-atrial appendage occlusion devices. Eur
Heart J. 2021;42:1047–1048.

38. Ellis CR, Alkhouli M, Anderson JA, Swarup V.
Comparative endothelialization of Amulet LAA
occluder and Watchman 2.5 LAA device. J Am Coll
Cardiol EP. 2022;8(6):828–829.

39. Mill J, Olivares AL, Arzamendi D, et al. Impact
of flow dynamics on device-related thrombosis
after left atrial appendage occlusion. Can J Car-
diol. 2020;36:968.e13–968.e14.

40. Aguado AM, Olivares AL, Yague C, et al. In
silico optimization of left atrial appendage
occluder implantation using interactive and
modeling tools. Front Physiol. 2019;10:237.

41. Kramer AKK, Møller Jensen J, Nørgaard BD,
et al. Cardiac CT following Watchman FLX im-
plantation: device related thrombosis or device
healing? Eur Heart J Cardiovasc Imaging. Published
online November 7, 2022. https://pubmed.ncbi.
nlm.nih.gov/36336848/

42. Asmarats L, Cruz-Gonzalez I, Nombela-
Franco L, et al. Recurrence of device-related
thrombus after percutaneous left atrial appendage
closure. Circulation. 2019;140:1441–1443.

43. Frisoli TM, Chiang M, Eng MH, et al. Percuta-
neous aspiration thrombectomy of thrombus
attached to left atrial surface of a Watchman FLX
device. J Am Coll Cardiol EP. 2022;8:277–279.

44. Tsutsumi K, Niwa M, Kawano T, Ibaragi M,
Ozaki M, Mori K. Atrial natriuretic polypeptides
elevate the level of cyclic GMP in the rat choroid
plexus. Neurosci Lett. 1987;79:174–178.

45. Viles-Gonzalez JF, Kar S, Douglas P, et al. The
clinical impact of incomplete left atrial appendage
closure with the Watchman device in patients with
atrial fibrillation: a PROTECT AF (percutaneous
closure of the left atrial appendage versus
warfarin therapy for prevention of stroke in pa-
tients with atrial fibrillation) substudy. J Am Coll
Cardiol. 2012;59:923–929.

46. 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. J Am Coll
Cardiol EP. 2022;8:197–207.

47. Raphael CE, Friedman PA, Saw J, Pislaru SV,
Munger TM, Holmes DR Jr. Residual leaks
following percutaneous left atrial appendage oc-
clusion: assessment and management implica-
tions. EuroIntervention. 2017;13:1218–1225.

48. Alkhouli M, Chaker Z, Clemetson E, et al.
Incidence, characteristics and management of
persistent peri-device flow after percutaneous left
atrial appendage occlusion. Struct Heart. 2019;3:
491–498.

49. Alkhouli M. Management of peridevice leak
after LAAO: coils, plugs, occluders, or better un-
derstanding of the problem? J Am Coll Cardiol Intv.
2020;13:320–322.

50. Saw J, Tzikas A, Shakir S, et al. Incidence and
clinical impact of device-associated thrombus and
peri-device leak following left atrial appendage
closure with the Amplatzer cardiac plug. J Am Coll
Cardiol Intv. 2017;10:391–399.

51. Reddy VY, Holmes D, Doshi SK, et al. Peri-
Device Leak After Left Atrial Appendage Closure:
Impact on Long-Term Clinical Outcomes. AHA;
2021.

52. Killu AM, Gbolabo Adeola O, Della Rocca DG,
et al. Leak closure following left atrial appendage
exclusion procedures: a multicenter registry.
Catheter Cardiovasc Interv. 2022;99:1867–1876.

53. Piayda K, Sievert K, Della Rocca DG, et al.
Safety and feasibility of peri-device leakage
closure after LAAO: an international, multicentre
collaborative study. EuroIntervention. 2021;17:
e1033–e1040.
54. Della Rocca DG, Horton RP, Di Biase L, et al.
First experience of transcatheter leak occlusion
with detachable coils following left atrial
appendage closure. J Am Coll Cardiol Intv.
2020;13:306–319.

55. Afzal MR, Gabriels JK, Jackson GG, et al.
Temporal changes and clinical implications of
delayed peridevice leak following left atrial
appendage closure. J Am Coll Cardiol EP. 2022;8:
15–25.

56. Masoudi FA, Calkins H, Kavinsky CJ, et al. 2015
ACC/HRS/SCAI left atrial appendage occlusion
device societal overview. J Am Coll Cardiol.
2015;66:1497–1513.

57. Nazir S, Ahuja KR, Kolte D, et al. Association of
hospital procedural volume with outcomes of
percutaneous left atrial appendage occlusion. J
Am Coll Cardiol Intv. 2021;14:554–561.

58. Alkhouli MRA, Anderson JA, Gage R, Thaler D,
Windecker S, Lakkireddy DJ. Sex differences in
safety and effectiveness of left atrial appendage
occlusion: insights from the amulet ide trial. J Am
Coll Cardiol Intv. 2022;15(21):2143–2155.

59. Croix GS, Zaidi SI, Loescher VS, Mihos CG.
Computed tomography-derived three-dimensional
printed models versus two-dimensional trans-
esophageal echocardiography for left atrial
appendage occlusion device planning: a system-
atic review and meta-analysis. J Atr Fibrillation.
2020;13:2433.

60. Qamar SR, Jalal S, Nicolaou S, Tsang M,
Gilhofer T, Saw J. Comparison of cardiac computed
tomography angiography and transoesophageal
echocardiography for device surveillance after left
atrial appendage closure. EuroIntervention.
2019;15:663–670.

61. Saw J, Fahmy P, Spencer R, et al. Comparing
measurements of CT angiography, TEE, and fluo-
roscopy of the left atrial appendage for percuta-
neous closure. J Cardiovasc Electrophysiol.
2016;27:414–422.

62. Korsholm K, Berti S, Iriart X, et al. Expert
recommendations on cardiac computed tomogra-
phy for planning transcatheter left atrial
appendage occlusion. J Am Coll Cardiol Intv.
2020;13:277–292.

63. Korsholm K, Jensen JM, Nielsen-Kudsk JE.
Cardiac computed tomography for left atrial
appendage occlusion: acquisition, analysis, ad-
vantages, and limitations. Interv Cardiol Clin.
2018;7:229–242.

64. Korsholm K, Jensen JM, Norgaard BL, Nielsen-
Kudsk JE. Detection of device-related thrombosis
following left atrial appendage occlusion: a com-
parison between cardiac computed tomography
and transesophageal echocardiography. Circ Car-
diovasc Interv. 2019;12:e008112.

65. So CY, Kang G, Villablanca PA, et al. Additive
value of preprocedural computed tomography
planning versus stand-alone transesophageal
echocardiogram guidance to left atrial appendage
occlusion: comparison of real-world practice. J Am
Heart Assoc. 2021;10:e020615.

66. Korsholm K, Jensen JM, Norgaard BL, Nielsen-
Kudsk JE. Temporal changes and clinical signifi-
cance of peridevice leak following left atrial
appendage occlusion with Amplatzer devices.

http://refhub.elsevier.com/S2772-963X(22)00213-7/sref26
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref26
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref26
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref26
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref26
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref26
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref27
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref27
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref27
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref28
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref28
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref28
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref28
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref29
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref29
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref29
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref29
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref29
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref30
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref30
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref30
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref30
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref31
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref31
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref31
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref31
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref32
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref32
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref32
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref32
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref32
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref32
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref33
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref33
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref33
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref33
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref33
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref34
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref34
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref34
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref34
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref35
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref35
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref35
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref35
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref35
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref35
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref36
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref36
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref36
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref36
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref36
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref37
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref37
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref37
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref37
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref38
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref38
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref38
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref38
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref39
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref39
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref39
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref39
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref40
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref40
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref40
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref40
https://pubmed.ncbi.nlm.nih.gov/36336848/
https://pubmed.ncbi.nlm.nih.gov/36336848/
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref42
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref42
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref42
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref42
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref43
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref43
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref43
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref43
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref44
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref44
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref44
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref44
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref45
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref45
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref45
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref45
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref45
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref45
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref45
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref45
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref46
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref46
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref46
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref46
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref46
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref46
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref47
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref47
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref47
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref47
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref47
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref48
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref48
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref48
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref48
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref48
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref49
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref49
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref49
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref49
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref50
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref50
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref50
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref50
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref50
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref51
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref51
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref51
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref51
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref52
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref52
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref52
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref52
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref53
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref53
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref53
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref53
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref53
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref54
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref54
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref54
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref54
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref54
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref55
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref55
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref55
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref55
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref55
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref56
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref56
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref56
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref56
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref57
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref57
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref57
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref57
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref58
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref58
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref58
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref58
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref58
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref59
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref59
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref59
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref59
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref59
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref59
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref59
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref60
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref60
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref60
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref60
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref60
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref60
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref61
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref61
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref61
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref61
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref61
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref62
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref62
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref62
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref62
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref62
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref63
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref63
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref63
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref63
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref63
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref64
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref64
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref64
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref64
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref64
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref64
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref65
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref65
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref65
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref65
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref65
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref65
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref66
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref66
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref66
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref66


Alkhouli et al J A C C : A D V A N C E S , V O L . 1 , N O . 5 , 2 0 2 2

Advances and Open Questions with LAAO D E C E M B E R 2 0 2 2 : 1 0 0 1 3 6

18
Catheter Cardiovasc Interv. 2022;99(7):2071–
2079.

67. Garot P, Iriart X, AminianA, et al. Valueof FEops
HEARTguide patient-specific computational simu-
lations in the planning of left atrial appendage
closure with the Amplatzer Amulet closure device:
rationale and design of the PREDICT-LAA study.
Open Heart. 2020;7(2):e001326.

68. Michiels K, Heffinck E, Astudillo P, Wong I,
Mortier P, Bavo AM. Automated MSCT analysis for
planning left atrial appendage occlusion using
artificial intelligence. J Interv Cardiol. 2022;2022:
5797431.

69. Veillet-Chowdhury M, Benton SM Jr,
Chahal CAA, et al. Intraprocedural hybrid cardiac
computed tomography for left atrial appendage
occlusion: a concept and feasibility study. J Am
Coll Cardiol Intv. 2021;14:1852–1853.

70. Alkhouli M, Nielsen-Kudsk JE. The case for
intracardiac echo to guide left atrial appendage
closure. Interv Cardiol Clin. 2022;11:153–158.

71. Berti S, Pastormerlo LE, Korsholm K, et al.
Intracardiac echocardiography for guidance of
transcatheter left atrial appendage occlusion: an
expert consensus document. Catheter Cardiovasc
Interv. 2021;98:815–825.

72. Alkhouli M, Simard T, El Shaer A, et al. First
experience with a novel live 3D ICE catheter to
guide transcatheter structural heart interventions.
J Am Coll Cardiol Img. 2022;15(8):1502–1509.

73. Alkhouli M, Simard T, Killu AM, Friedman PA,
Padang R. First-in-human use of a novel live 3D
intracardiac echo probe to guide left atrial
appendage closure. J Am Coll Cardiol Intv.
2021;14:2407–2409.

74. Berti S, Pastormerlo LE, Celi S, et al. First-in-
human percutaneous left atrial appendage occlu-
sion procedure guided by real-time 3-dimensional
intracardiac echocardiography. J Am Coll Cardiol
Intv. 2018;11:2228–2231.

75. Sharma A, Bertog S, Tholakanahalli V, Mbai M,
Chandrashekhar YS. 4D intracardiac
echocardiography-guided LA appendage closure
under conscious sedation: initial experience and
procedural technique. J Am Coll Cardiol Img.
2021;14:2254–2259.

76. Tan BE, Boppana LKT, Abdullah AS, et al.
Safety and feasibility of same-day discharge after
left atrial appendage closure with the WATCHMAN
device. Circ Cardiovasc Interv. 2021;14:e009669.

77. Dallan LAP, Bezerra HG, Cochet A, et al.
Safety, efficacy, and cost-effectiveness of same-
day discharge for left atrial appendage occlusion.
J Invasive Cardiol. 2022;34:E124–E131.

78. AhujaKR,Ariss RW,Nazir S, et al. The association
of chronic kidney disease with outcomes following
percutaneous left atrial appendage closure. J Am
Coll Cardiol Intv. 2021;14:1830–1839.

79. Nazir S, Ahuja KR, Ariss RW, et al. Association
of acute kidney injury with outcomes in patients
undergoing percutaneous left atrial appendage
closure. Catheter Cardiovasc Interv. 2021;98:
E839–E846.

80. Nombela-Franco L, Rodes-Cabau J, Cruz-
Gonzalez I, et al. Incidence, predictors, and prog-
nostic value of acute kidney injury among patients
undergoing left atrial appendage closure. J Am
Coll Cardiol Intv. 2018;11:1074–1083.

81. Magnocavallo M, Della Rocca DG, Gianni C,
et al. Zero contrast left atrial appendage occlusion
and peridevice leak closure in patients with
advanced kidney disease. Heart Rhythm. 2022;19:
1013–1014.

82. Sedaghat A, Al-Kassou B, Vij V, et al.
Contrast-free, echocardiography-guided left
atrial appendage occlusion (LAAo): a propensity-
matched comparison with conventional LAAo
using the AMPLATZER Amulet device. Clin Res
Cardiol. 2019;108:333–340.
KEY WORDS anticoagulation, atrial
fibrillation, left atrial appendage occlusion,
stroke

http://refhub.elsevier.com/S2772-963X(22)00213-7/sref66
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref66
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref67
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref67
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref67
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref67
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref67
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref67
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref68
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref68
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref68
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref68
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref68
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref69
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref69
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref69
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref69
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref69
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref70
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref70
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref70
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref71
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref71
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref71
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref71
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref71
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref72
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref72
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref72
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref72
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref73
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref73
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref73
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref73
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref73
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref74
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref74
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref74
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref74
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref74
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref75
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref75
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref75
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref75
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref75
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref75
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref76
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref76
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref76
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref76
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref77
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref77
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref77
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref77
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref78
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref78
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref78
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref78
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref79
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref79
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref79
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref79
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref79
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref80
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref80
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref80
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref80
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref80
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref81
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref81
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref81
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref81
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref81
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref82
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref82
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref82
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref82
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref82
http://refhub.elsevier.com/S2772-963X(22)00213-7/sref82

	Left Atrial Appendage Occlusion
	LAAO: past and present
	Evidence supporting LAAO
	FDA approval and guidelines
	Utilization rates and safety data

	Efficacy data for LAAO
	Device-related thrombus
	Frequency and timing of DRT
	Clinical significance of DRT
	Risk factors for DRT
	Treatment of DRT

	Peri-device leak
	Frequency of PDL
	Clinical impact of PDL
	Management of PDL

	Procedural optimization
	Procedural volumes
	Procedural planning
	The minimalist approach
	ICE-guided LAAO
	Same-day discharge
	Contrast-less LAAO


	Conclusions
	Funding support and author disclosures
	References


