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High risk for bleeding
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Rationale for left atrial appendage closure. Because of changing demographics, the number of atrial fibrillation patients is expected to double in in-
dustrialized countries within the next two decades. Patients with high risk for stroke have an indication for stroke preventive therapies consisting of
either oral anticoagulation, percutaneous left atrial appendage closure in case of high bleeding risk, or surgical left atrial appendage closure in patients
undergoing cardiac surgery. Several ongoing studies will more precisely define the optimal therapeutic approach for the individual patient. AF, atrial
fibrillation, CABG, coronary artery bypass grafting; OAC, oral anticoagulation; LAAC, left atrial appendage closure.

Abstract

Atrial fibrillation (AF) is associated with an increased risk of stroke and systemic embolism, and the left atrial appendage (LAA) has been identified as a
principal source of thromboembolism in these patients. While oral anticoagulation is the current standard of care, LAA closure (LAAC) emerges as
an alternative or complementary treatment approach to reduce the risk of stroke or systemic embolism in patients with AF. Moderate-sized ran-
domized clinical studies have provided data for the efficacy and safety of catheter-based LAAC, largely compared with vitamin K antagonists. LAA
device iterations, advances in pre- and peri-procedural imaging, and implantation techniques continue to increase the efficacy and safety of LAAC.
More data about efficacy and safety of LAAC have been collected, and several randomized clinical trials are currently underway to compare LAAC
with best medical care (including non-vitamin K antagonist oral anticoagulants) in different clinical settings. Surgical LAAC in patients with AF under-
going cardiac surgery reduced the risk of stroke on background of anticoagulation therapy in the LAAOS lll study. In this review, we describe the

rapidly evolving field of LAAC and discuss recent clinical data, ongoing studies, open questions, and current limitations of LAAC.

Atrial fibrillation * Left atrial appendage closure ¢ Stroke prevention * Oral anticoagulation
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Atrial fibrillation (AF), the most prevalent cardiac arrhythmia, affects
more than 50 million people worldwide." Current prevalence is esti-
mated to be 2%—4%,2 but is expected to increase, in part due to
increased life expectancy (Graphical Abstract).®

AF is a strong, independent risk factor for stroke, and thrombo-
embolic strokes in AF patients are particularly large and severe contrib-
uting to the high medical, social, and economic burden.**

The left atrial appendage (LAA) has been identified as the principal
source of intracardiac thrombi in AF patients, and thrombogenesis
within the LAA has been related to local abnormalities in haemostasis,
endothelial function, blood stasis, and LAA remodelling (Figure 1).°~

Efforts to improve stroke prevention in patients with AF are there-
fore of paramount clinical importance."" Risk assessments for stroke
and bleeding in AF patients share several overlapping variables so that
the highest risk of stroke is frequently associated with a particular
high bleeding risk."* Oral anticoagulation (OAC) is currently the main-
stay of stroke preventive therapy in AF, but LAA closure (LAAC) is a
rapidly developing field in this respect.

Oral vitamin K antagonists (VKA) have been shown to reduce the
risk of stroke by approximately 60% compared with placebo.”
Non-vitamin K antagonist oral anticoagulants (NOACs) further reduce
the risk of stroke or systemic embolism compared with VKA by 19%
and are associated with a 10% relative risk reduction in mortality."*
While NOAC:s reduce the risk of intracranial haemorrhage (ICH) by
50% and major bleeding by 14% compared with VKA, gastrointestinal
bleeding is more common, and major bleeding events still occur at a
rate of 2%—3% per year, although patient populations at high bleeding
risk and the elderly have been largely excluded in the Phase 3 clinical
trials."* Adherence rates for NOACs after 24 months have been re-
ported in the range of 67%—79% in large-scale randomized clinical stud-
ies, i.e. >20% of patients may not continue chronic anticoagulation
therapy under clinical trial conditions."~"® Similar data were obtained

in real-world registries.'”® The main reasons for discontinuation of
OAC include major bleeding, chronic renal failure, and a perceived
high bleeding risk as well as reduced patient compliance.?'

Exclusion of the LAA from the systemic circulation in patients with AF
represents an alternative or complementary strategy to reduce the risk
and severity of stroke.2® The US Food and Drug Administration (FDA) ap-
proval of catheter-based LAAC using the Watchman device and subse-
quently the Amulet device provided a therapeutic pathway as alternative
treatment to OAC with warfarin. This catheter-based or surgical therapy
may be especially attractive for prevention of thromboembolic events in AF
patients at high bleeding risk. An EHRA/EAPCI| expert consensus statement
in 2020 discussed potential indications for catheter-based LAA occlusion in
patients with AF and at high thromboembolic risk [i.e. CHA;DS,-VASc > 2
(>3 for females) - congestive heart failure, hypertension, age >75 years, dia-
betes mellitus, prior stroke or TIA or thromboembolism, vascular disease,
age 65—74 years, sex category] such as elevated bleeding risk under chronic
OAC (i.e. status post-ICH, recurrent bleeds) and patients unwilling or un-
able to take OAC despite explanation or with a contraindication for OAC
and suggested a careful individual risk-benefit analysis.”” Current guideline
recommendations for LAAC are depicted in Figure 2.

Left atrial appendage closure:
current evidence

Surgical closure of the left atrial appendage
One in three patients undergoing cardiac surgery has a documented his-
tory of AF®8 associated with increased risk of stroke and mortality. In ap-
proximately 80%—90% of these patients, OAC is indicated, but adherence
to therapy is limited,?” and 10%—-20% of patients are unsuitable for long-
term anticoagulation therapy.®® Furthermore, some patients remain at
high risk for stroke despite OAC.' Surgical LAAC (S-LAAC) can be
achieved endoscopically, e.g. by using the AtriClip (AtriCure) or
Penditure (Medtronic) device, as a standalone procedure or in combin-
ation with endoscopic atrial ablation procedures. Endocardial suture liga-
tion of the LAA is an invasive procedure (ie. opened appendage)
employing a cardiopulmonary bypass and is associated with high bleeding
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LAA closure in atrial fibrillation: state of the art

ESC 2020
Recommendations for Percutaneous LAAC

LAA occlusion may be considered for stroke prevention in patients with AF and contraindications for
long-term anticoagulant treatment (e.g. intracranial bleeding without a reversible cause).

Recommendations for Cardiac Surgery—LAA Exclusion/Excision

Surgical occlusion or exclusion of the LAA may be considered for stroke prevention in patients with
AF undergoing cardiac surgery.

ACC/AHA/ACCP/HRS 2023
Recommendations for Percutaneous LAAC

2a

In patients with AF, a moderate to high risk of stroke (CHA,DS,-VASc score 22), and a contra-
indication to long-term oral anticoagulation due to a nonreversible cause, pLAAO) is reasonable.

In patients with AF and a moderate to high risk of stroke and a high risk of major bleeding on OAC,
pLAAO may be a reasonable alternative OAC based on patient preference, with careful consideration
of procedural risk and with the understanding that the evidence for OAC is more extensive.

Recommendations for Cardiac Surgery—LAA Exclusion/Excision

In patients with AF undergoing cardiac surgery with a CHA,DS,-VASc score 22 or equivalent stroke
risk, surgical LAA exclusion, in addition to continued anticoagulation, is indicated to reduce the risk of
stroke and systemic embolism.

In patients with AF undergoing cardiac surgery and LAA exclusion, a surgical technique resulting in
absence of flow across the suture line and a stump of <1 cm as determined by intraoperative
transoesophageal echocardiography should be used.

In patients with AF undergoing cardiac surgery with CHA,DS2-VASc score 22 or equivalent stroke
risk, the benefit of surgical LAA exclusion in the absence of continued anticoagulation to reduce the
risk of stroke and systemic embolism is uncertain.

Figure 1 Present recommendations for left atrial appendage closure. Current guideline recommendations for left atrial appendage closure (ESC 2020,
published before LAAOS 111" and ACC/AHA/ACCP/HRS 202310). AF, atrial fibrillation; LAA, left atrial appendage; LAAC, LAA closure; OAC, oral antic-

oagulation; pLAAO, percutaneous left atrial appendage occlusion

risk and incompleteness of occlusion in 10%-30%.3%*® Epicardial suture
closure of the LAA is performed by either directly sewing the appendage
or by tightening pre-tied suture loops around the base of the LAA (i.e.
closed appendage) and can be performed without cardiopulmonary by-
pass with an operator- and technique-dependent success of complete
closure between 23% and 100%.3** Surgical LAAC in patients with AF
undergoing cardiac surgery may be a valuable option, further supported
by the recent ATLAS® and LAAOS III*® trials.

A large-scale retrospective registry from a US administrative database
investigated the association between S-LAAC during concurrent cardiac
surgery [coronary artery bypass grafting (CABG) and valve surgery] and
long-term risk of stroke.”® After propensity matching, 4295 patients in
each group were compared. Patients with S-LAAC showed significantly re-
duced risks of ischaemic stroke and embolism [hazard ratio (HR) .73, 95%
confidence interval (Cl) .56—96; P = .03) as well as mortality (HR .71, 95%
Cl .60—84; P < .001) after a mean follow-up of 2.1 years. In patients with
documented AF, these differences were even more pronounced, while the
event rate in patients without documented AF before surgery and in pa-
tients with AF taking OAC was not significantly different.

Another recently published registry>® determined the association of
S-LAAC and readmission for thromboembolism [stroke, transient is-
chaemic attack (TIA), or systemic embolism] in >10000 AF patients
undergoing CABG or valve surgery. After adjustment, S-LAAO was
associated with a significantly lower rate of thromboembolism [sub-
distribution HR (sHR) .67, 95% CI .56-.81; P <.001] and all-cause
mortality (HR .88, 95% CI .79—97; P=.001). In this analysis, S-LAAC
compared with no S-LAAC was associated with lower risk in patients
discharged without anticoagulation but not in patients receiving OAC.

The recently published ATLAS feasibility trial*” randomized 562 cardiac

surgery patients (CHA;DS,-VASc > 2) with no pre-operative AF and in a
2:1 ratio to LAA exclusion (LAAE) with the AtriClip or no LAAE. The pri-
mary success rate of LAAE was 99% with low serious adverse events
(<0.03%). At 1-year follow-up, 3.4% of LAAE patients compared with
5.6% without LAAE patients experienced a thromboembolic event. Oral
anticoagulation was used by 32.5% of patients with post-operative AF
that showed higher rates of bleeding (OAC vs. no OAC, 16.1% vs. 5.4%;
P =.008).

The LAAQOS Il study randomized 4811 high-risk patients with docu-
mented AF or atrial flutter to S-LAAC or ‘standard of care’ among patients
undergoing cardiac surgery.*® The study tested the combination of system-
icand mechanical therapy for stroke prevention in AF. Oral anticoagulation
was continued in a sizable proportion of patients in both treatment groups.
The primary endpoint of stroke/systemic embolism after 4 years of follow-
up was reduced by 33% in the S-LAAC group with up to 77% of patients
taking OAC. Surgical LAAC was associated with minimal prolongation of
procedure time and did not affect the risk of peri-operative mortality, myo-
cardial infarction, hospitalization, or bleeding. In a landmark analysis, the ef-
fect of S-LAAC was apparent early (HR .82, 95% CI .57-1.18 during the
first 30 days) and more pronounced over time (HR .58, 95% Cl .43—-8 after
30 days). In an adjusted Cox proportional hazard analysis, the effect of
LAAC was independent of use of anticoagulation confirming the concept
of LAAE as stroke prevention therapy. In view of the observed benefit
without increased risk, S-LAAC during cardiac surgery gained strong sup-
port in the 2023 ACC/AHA/ACCP/HRS guidelines on top of OAC for AF
patients at high stroke risk undergoing cardiac surgery (Class |, level of evi-
dence A).'® At the same time, these results generate interesting questions,
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Figure 2 Proposed pathophysiology of left atrial appendage thrombus formation. Several anatomical, cellular, and physiological features contribute to
thrombus formation within the left atrial appendage. Of note, different thromboembolic risk might be attributed to anatomic configurations of the left
atrial appendage” as well as flow and fluid dynamics.®® LAA, left atrial appendage; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; NO, nitric
oxide; NOS, nitric oxide synthase; PGly, prostaglandin 12; ROS, reactive oxygen species; TXA,, thromboxane A2; VWF, von Willebrandt factor; arrows

indicate increase or decrease.

i.e. whether percutaneous LAAC combined with OAC will provide similar
or greater benefits in high-risk AF patients. In this regard, possible advan-
tages of S-LAAC such as epicardial closure without a foreign body, more
complete closure compared with percutaneous LAAC, and low risk for
peri-device leaks with improved surgical techniques have to be considered.

Catheter-based left atrial appendage
closure

Three moderate-sized randomized clinical trials (RCTs) compared
catheter-based LAAC mainly with warfarin, and several large clinical
registry studies and a number of smaller single and multicentre regis-
tries have been performed. The early RCTs focused on patients eligible
for OAC, two compared LAAC with warfarin and one compared
LAAC with NOAC:s. Large registries collected data of LAAC in patients
non-eligible for long-term OAC. Compared with the large NOAC data-
base, LAAC RCTs included substantially fewer patients, and more data
from randomized studies are therefore clearly warranted.

Randomized clinical data

Catheter-based left atrial appendage closure vs. oral anticoagulation
with vitamin K antagonists

Two studies examined the efficacy and safety of LAAC with the
first-generation Watchman device (Boston Scientific, Marlborough,
MA, USA) compared with OAC with warfarin (Table 7). The rando-
mized controlled PROTECT-AF trial (NCT00129545)* fulfilled the

primary efficacy endpoint but failed the primary safety endpoint due
to an excess in peri-procedural adverse events. Because of concern
over peri-procedural complications, concerns about the patients’ risk
factor profiles, poor adherence to mandated anticoagulation, and pos-
sible confounding by antiplatelet therapy, a second study was mandated
by the FDA.*'*? The subsequent PREVAIL trial (NCT01182441)*
failed to reach the primary efficacy endpoint in view of low event rates
but fulfilled late efficacy and safety. However, there was a signal of more
ischaemic strokes in the LAAC group in PREVAIL that was more pro-
nounced at later follow-up.** A patient-level meta-analysis of both
studies over an observation period of 5 years showed non-inferiority
for the combined primary efficacy endpoint (stroke, systemic embol-
ism, cardiovascular death).** Rates of stroke and systemic embolism
were comparable in both treatment groups (HR .96, 95% Cl .60—
1.54; P=87). An interesting observation was a reduction in fatal and
severe stroke post-LAAC (HR .45, 95% CI .21-.94; P = .034), although
based on small event numbers. Cardiovascular (HR .59, 95% Cl .37-.49;
P =.027) and overall mortality (HR .73, 95% Cl .54—.98; P = .035) were
lower following catheter-based LAAC compared with VKA. In regard
to safety, overall similar bleeding rates were observed (HR .91, 95%
Cl .64-1.29; P = .60), while significantly less bleeding complications fol-
lowing LAAC were reported after exclusion of procedure-related
bleedings (HR 48, 95% Cl .32-0.71; P=.0003).** In aggregate, these
randomized data support non-inferiority in efficacy following catheter-
based LAAC after 5 years in high-risk AF patients eligible for long-term
OAC in comparison to warfarin—the main limitation represents the
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sample size. While the NOACs were large scale, only 1114 patients were
included in the randomized LAAC studies (PROTECT-AF and PREVAIL)
diminishing the precision of treatment effects of low-frequency events.
Additionally, the inclusion of cardiovascular/unexplained death as end-
point and wide non-/inferiority margins (PROTECT-AF 2.0, PREVAIL
1.75) have been noted as important limitations.”” Of note, the first-
generation device and post-implant anti-thrombotic regimen differ
from current clinical practice (Table 1).

Catheter-based left atrial appendage closure vs. non-vitamin

K antagonist oral anticoagulant

The multicentre, prospective, randomized PRAGUE-17 study
(NCT02426944) compared the efficacy and safety of LAAC vs.
NOAC in high-risk AF patients eligible for long-term anticoagulation
(n =415).** The composite primary endpoint consisting of stroke/
TIA, systemic embolism, clinically significant bleeding (International
Society on Thrombosis and Haemostasis definition), and cardiovascular
mortality was observed in 8.6% in the LAAC and 11.9% in the NOAC
group (sHR .81, 95% CI .56-1.18; P =.27; P = .006 for non-inferiority)
after a median follow-up of 3.5 years.* No differences were deter-
mined in the components of the combined endpoint: stroke/TIA
(sHR 1.00, 95% Cl .40-2.51), clinically significant bleeding (sHR
81, 95% Cl .44-1.52), and cardiovascular death (sHR .75, 95% CI
.34-1.62). The rate of peri-procedural complications was 4.5% follow-
ing LAAC.* Severe non-procedural bleedings were detected at a rate
of 3.4% in the LAAC and 5.9% in the NOAC group (sHR .55, 95% CI
.31-97; P =.039). These event rates are comparable to those reported
in ARISTOTLE (4.07%) and AVERROES (4.5%)""*’ studies, although
patients undergoing LAAC were at higher bleeding risk. The composite
endpoint in PRAGUE-17 has been criticized because thrombotic events
and bleeding trend in different directions and no difference is a positive
finding in non-inferiority trials.*® Accordingly, it has been argued that
the results of the composite endpoint should be interpreted separately.
Despite the limitation of small patient numbers, these initial results are
encouraging in regard to treatment of a high-risk patient population,
and larger studies are currently underway.

A meta-analysis of randomized trials comparing LAAC with OAC
(ie. PROTECT-AF, PREVAIL) and PRAGUE-17*? in 1516 randomized
patients (LAAC =933, OAC =583, mean age 73.3+7.7 years,
CHA,DS,-VASc 41 +14, OAC group 65% warfarin, and 35%
NOAC) showed no significant difference in stroke/thromboembolic
risk [risk ratio (RR) .98, 95% Cl .65-1.48; P = .92) after 3 years. As com-
pared with OAC, the rate of ischaemic stroke was numerically higher
post-LAAC (52/933 vs. 21/583 events, RR 1.48, 95% CI .89-2.46, P
=.13; without peri-procedural stroke, 44/933 vs. 21/583 events, RR
1.27,95% Cl .76-2.14, P = .37). Left atrial appendage closure was asso-
ciated with a lower risk of haemorrhagic strokes (5/933 vs. 14/583
events, RR .22, 95% Cl .08-.58; P =.002) and cardiovascular (RR .65,
95% Cl 44-95; P=.03) and all-cause mortality (RR .78, 95% CI
.62-.99; P =.04). The risk of severe bleeding was similar in both patient
groups (RR .89, 95% Cl.66—1.20; P = .46), while non-procedural bleed-
ing was less frequent following LAAC (RR .53, 95% Cl .38-.74; P
=.0002). This meta-analysis is limited by possible patient selection
bias in the LAAC group, open-label trial designs, and different OAC re-
gimens (LAAC benefit mainly observed with warfarin). It is important
to point out that the mechanism of mortality (cardiovascular and all-
cause mortality) benefit not seen in LAAOS Il remains unknown.
Possible explanations comprise a decrease in haemorrhagic stroke, re-
duced severity of stroke, a reduction in non-procedure-related bleed-
ing, or a play of chance.®?’ Interestingly, S-LAAC was not associated

with a mortality benefit in LAAOS llI, but this may be related to the
fact that OAC was continued in both arms of this study.

Comparison of different devices for catheter-based left atrial
appendage closure

The Amulet IDE study®° is the first large-scale randomized study to com-
pare efficacy and safety of the Amulet double seal device (Abbott
Vascular) and the first-generation Watchman 2.5 single seal device
(Boston Scientific). A total of 1878 patients were enrolled, and the
Amulet device was found non-inferior in regard to the primary safety
endpoint (composite of procedure-related complications, all-cause
death, or major bleeding at 12 months: 14.5% vs. 14.7%, P < .001 for non-
inferiority), the primary effectiveness endpoint (composite of ischaemic
stroke or systemic embolism at 18 months: 2.8% vs. 2.8%, P <.001 for
non-inferiority), and the composite of stroke, systemic embolism, or
cardiovascular/unexplained death (5.6% vs. 7.7%, P<.001 for non-
inferiority; Table 7). Left atrial appendage occlusion at 45 days was higher
for the Amulet compared with the Watchman 2.5 device (98.9% vs.
96.8%; difference =2.03, 95% Cl .41-3.66; P <.001 for non-inferiority;
P =.003 for superiority). Three-year outcomes were recently published
showing similar efficacy (stroke/systemic embolism/cardiovascular death
11.1% vs. 12.7%; P = 31) and safety (major bleeding: 16.1% vs. 14.7%; P
= 46) of the Amulet vs. the Watchman 2.5 device, respectively.”’

Registry data

EWOLUTION and global Amulet study

Additional data for catheter-based LAAC are derived from large-scale
clinical registries, e.g. the EWOLUTION registry>* and global Amulet
study,53 which report clinical routine use of LAAC in higher-risk AF pa-
tients. A summary of the results is depicted in Table 2. In aggregate,
both registries show a higher rate of implantation success and lower rates
of peri-procedural complications compared with initial studies (Figure 3),
which can likely be explained at least in part by improved procedure
planning, new device iterations with improved surface characteristics,
as well as increased operator experience. However, inclusion into
these prospective registries was voluntary. Therefore, selection bias
should be taken into account when interpreting these data. Currently re-
cruiting registries such as the French post-market study FLAAC-2
(NCT03434015) with 1020 patients will provide additional insights espe-
cially in regard to post-interventional anti-thrombotic therapy. Additional
data are expected from long-term follow-up of the German LAARGE
registry.”* Results from insurer databases confirm improved peri-
procedural safety with significant sex and regional differences and higher
overall complication rates of 4%-9%.°> In multivariate analyses, high- vs.
low-volume hospitals showed a significantly reduced complication rate
emphasizing the need for minimum institutional volumes for LAAC pro-
cedures to ascertain good quality of care and outcomes.>’

Ongoing randomized trials

Ongoing randomized studies of catheter-based LAAC in different pa-
tient populations are summarized in Table 3 and Figure 4. Please refer
to the Supplementary data for more information.

New device developments for
catheter-based left atrial
appendage closure

An ideal percutaneous LAAC device should be suitable for a large var-
iety of different LAA anatomies, completely exclude the LAA from the
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Figure 3 Implant success and peri-procedural safety of left atrial appendage closure. Over the last decade, implantation success and peri-procedural
safety have improved due to developments in implantation technique, accumulating operator experience, and device development. (A) Implantation
success is illustrated for multicentre registries and randomized trials over time. (B) Severe adverse events within 7 days post-implantation are shown
consisting of vascular complications/bleeding, pericardial effusion/tamponade, stroke, and device embolization

circulation, and be associated with a very low rate of peri-procedural
and long-term [i.e. device-related thrombus (DRT), peri-device leak
(PDL)] complications. Currently used and novel devices for percutan-
eous LAAC are depicted in Figure 5.

The recently introduced Watchman FLX (Boston Scientific) fea-
tures a closed distal end, reduced metal exposure, and increased num-
ber of struts that enable better manoeuvrability and deliverability in
order to further mitigate the risk of complications.58 This registry
showed a comparatively high stroke and major bleeding rate
(Table 2). The new iteration Watchman FLX Pro introduces a surface
coating to promote endothelialization and additional markers for

better visibility;>® clinical studies are required to assess whether these
changes result in improved outcomes. The LAmbre (LifeTech
Scientific) self-expanding nitinol device is composed of a distal flexible
polyethylene terephthalate (PET) umbrella with atraumatic hooks
that safely anchors the device and excludes the distal part of the
LAA. The proximal semi-flexible disc is filled with sewn-in PET sealing
the LAA ostium. This device can be custom ordered to close especial-
ly large LAA >32 mm?”® and is available in 15 different sizes and 2
different designs suiting both single- and multi-lobed LAA morpholo-
gies. The Ultraseal device (CARDIA Inc., Eagan, MI, USA) is a novel
LAAC device that conforms to LAA anatomy. It is composed of a
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LAA closure in atrial fibrillation: state of the art

1

AF patients with increased bleeding risk
on (N)OAC therapy (I1bC)

ASAP-TOO (NCT02928497)
[

S/P intracerebral Bleeding (ICB)
STROKECLOSE (NCT02830152)
CLEARANCE (NCT04298723)

COMPARE LAAO
(NCT04676880)

CLOSURE-AF

(NCT03463317)

Break-through Stroke
ENABLE (NCT05976685)

Potential novel indications for LAAC
(ongoing randomized studies)

Pulmonary Vene isolation (PVI)
OPTION (NCT03795298)

S

Terminal Renal Insufficiancy
(GFR<15ml/Kg/m?)

LAA- Kidney (NCT05204212)

AF patients eliéable for NOAC
CHAMPION-AF (NCT043945460)
CATALYST (NCT04226547)

LAAOS-4

(NCT05963698)

Figure 4 Present and potential future indications for left atrial appendage closure. Current guidelines' recommend percutaneous left atrial appendage
closure for atrial fibrillation patients with high risk of stroke not eligible for long-term oral anticoagulation. Because of an improved safety profile of left
atrial appendage closure and encouraging data from prospective registries and randomized trials, current and additional indications for left atrial ap-
pendage closure are being extensively studied in randomized controlled trials. GFR, glomerular filtration rate.

distal soft bulb with hooks for anchoring and a proximal three-leaflet
sail covered by a polyvinyl alcohol foam for LAA occlusion. A jointed
technology allows adjustment to different ostium angles and LAA
shapes.61

Novel device developments aim to improve implant as well as
long-term safety and efficacy of LAAC and to overcome important limita-
tions of current designs including perforation risk, narrow sizing require-
ments, the need for coaxial deployment, non-conformity (i.e. radial
rigidity), the use of anti-thrombogenic coverings, as well as reduction in
foreign material. First human data are now available for the Omega device
(Eclipse Medical, Dublin, Ireland)®? characterized by increased stability due
to the ‘self-retaining inverted cup’ feature, increased device malleability
due to the independent inner and outer layers, and a highly flexible
disc—cup articulation.®> The Sideris Transcatheter Patch (Custom Medical
Devices) and its new iteration Prolipsis are frameless, bio-absorbable de-
vices made from porous polyurethane that is delivered by a balloon and
conforms to LAA anatomy. The Conformal Left Atrial Appendage Seal
(CLAAS) features an expanded polytetrafluoroethylene-covered
foam cup with an embedded nitinol endoskeleton and a tether release
mechanism. The combination of a foam cup coupled with a compliant
endoskeleton provides a less distortive, more conforming closure with-
out requiring a strict coaxial angle. The Laminar device obliterates the
LAA by rotation and holds the obliterated tissue into place by metallic
retainers, leaving only a small footprint of foreign material in the left at-
rium. The Sierra ligation system (Aegis Medical Innovations, Inc.) allows
electrocardiography-guided LAA ligation through an epicardial-only ap-
proach. An appendage grasper with jaws and mounted electrodes en-
ables identification and capture of the LAA through electrographic
navigation. A hollow suture loop is then advanced over the grasper
and looped around the LAA for final cinching. A feasibility study was
conducted in the USA and Canada (NCT02583178).

Uncertainties in left atrial
appendage closure

Direct comparison of efficacy: left atrial
appendage closure as an alternative or
complementary strategy to oral
anticoagulation

Non-vitamin K antagonist oral anticoagulant treatment is currently the
standard of care for stroke prevention in AF patients. Limitations in-
clude dependence on patient adherence and a residual long-term risk
for major bleeding. Patients at high risk of bleeding and elderly were
under-represented in the available RCTs. Initial indirect comparisons
and meta-analyses in particular from observational studies suggested
improved efficacy and safety of LAAC compared with OAC.*™¢ In a
propensity-matched analysis (CHA,DS,-VASc and hypertension, ab-
normal renal and liver function, stroke, bleeding, labile INR, elderly,
drugs or alcohol scores) of LAAC patients of the Amulet registry
(n=1078) with medically treated patients (i.e. NOAC) from
Denmark (n=1184),%’ a significant lower risk for the combined end-
point stroke/severe bleeding/death (HR .57, 95% CI .49-.67) was ob-
served after 2 years. Risk for ischaemic stroke was similar in both
groups (HR 1.11, 95% CI .71-1.75), and severe bleeding (HR .62,
95% Cl .49-79) and mortality (HR .53, 95% Cl .43—.64) were signifi-
cantly attenuated following LAAC. These registry data together with
recent results from the randomized PRAGUE-17 study45 and an up-
dated meta-analysis of randomized LAAC studies™” suggest a similar ef-
ficacy of LAAC with decreased post-interventional risk of severe
bleeding compared with NOAC in a high-risk AF cohort. However,
due to several limitations of these analyses such as retrospective nature
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Figure 5 Percutaneous left atrial appendage closure devices and methods for surgical left atrial appendage closure. (A) Ball-type device (plug): endo-
vascular delivery of a lobe or umbrella and closure by obstructing the neck of the left atrial appendage (VWatchman, WAveCrest). (B) Disc-type device
(pacifier): endovascular device of a lobe or umbrella (anchoring/obstructing the neck of the left atrial appendage) with an additional disc attached (sealing
of the left atrial appendage ostium; Amplatzer Amulet, LAmbre). Left atrial appendage closure is dependent on sealing and endothelialization of the
corpus/umbrella and/or disc (pacifier principle). (C) Ligation: endocardial and epicardial snaring and percutaneous suture ligation of the left atrial ap-
pendage (Lariat). (D) Surgical left atrial appendage closure: amputation by suture or Atriclip are depicted. Future devices: aims of future developments
are better conformability (foam-based devices such as CLAAS), reducing the footprint of foreign material (left atrial appendage obliteration, i.e. Laminar
device), and less thrombogenicity by anti-thrombotic covering. IVC, inferior vena cava; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary
vein; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein; S-LAAC, surgical left atrial appendage closure; SVC, superior vena cava.

or low patient numbers in the randomized LAAC trial, these data must
be interpreted with caution. Thus, further comparative studies of per-
cutaneous LAAC vs. NOAC are needed before interventional LAAC
can be recommended as an alternative to anticoagulation in clinical rou-
tine, even in AF patients with high bleeding risk.

Patients with AF still have a residual risk for ischaemic stroke despite
taking OACs.?® Several mechanisms including reduced compliance/ad-
herence, reduced pharmacological efficacy of the anticoagulant in indi-
vidual patients, or alternative stroke mechanisms may induce a stroke
on OAC. Moreover, AF patients who have an ischaemic stroke despite
previous OAC are at a higher risk for recurrent ischaemic stroke.” In
the LAAOS Il trial, the number of patients taking OACs was not differ-
ent between the surgical closure and best medical care group.*®
Analogous to S-LAAC, two randomized studies will compare percutan-
eous LAAC plus NOAC vs. NOAC alone testing this new therapeutic
paradigm in AF patients eligible for long-term anticoagulation. LAAOS-4
(NCT05963698) will employ the Watchman FLX device as a comple-
mentary therapy to best medical care in AF patients at high risk for stroke
(CHA;DS,-VASc score >4) that are eligible for OAC therapy. This
event-driven trial in 4000 patients with high residual stroke risk is pow-
ered to determine the primary efficacy endpoint of all-cause stroke/
systemic thromboembolism. ENABLE will include AF patients who had
a stroke despite anticoagulant therapy.

Bleeding risk and the fear of major bleeding are main factors for
underuse of NOAC:sS in eligible AF patients. The evidence from available
Phase 2 trials suggests that unlike NOACsS, drugs that target factor Xl
reduce thrombosis without a dose—response for bleeding. By uncoup-
ling thrombosis from haemostasis, factor Xl inhibitors have the poten-
tial for a more favourable benefit—risk profile.”® Asundexian, a small oral
molecule inhibitor of factor Xla, was compared with apixaban in the
PACIFIC-AF trial in regard to a composite of major or clinically relevant
non-major bleeding in 753 AF patients. Although underpowered for
efficacy, rates of bleeding severe enough to prompt medical care
occurred one-third as often with asundexian than with apixaban.”’
A Phase 3 outcome trial (LIBREXIA-AF, NCT05757869) will now
evaluate the efficacy and safety of milvexian, a different factor XI/Xla in-
hibitor, for stroke prevention in patients with AF. If a favourable safety
and efficacy profile of factor Xl inhibitors can be observed, efficacy and
safety of LAAC will likely have to be compared against these novel
drugs in the future.

Post-implant anti-thrombotic treatment

Post-procedural anti-thrombotic therapy is used to ensure endothelia-
lization of the foreign device surface and to prevent device-associated
thrombus formation but increases the risk for major bleedings in the
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Figure 6 Post-implant anti-thrombotic therapy and rates of device-related thrombus. (A) Post-implant anti-thrombotic regimens used in multicentre
clinical registries and device-related thrombus rates dependent on patient risk and physicians’ preference. (B) Different schemes of post-implant
anti-thrombotic therapy according to patients’ risk profile. DAPT, dual antiplatelet therapy; DOAC, direct oral anticoagulants; DVT, device-related

thrombus; SPT, single antiplatelet therapy.

high bleeding risk LAAC population, currently the most frequent
adverse event after LAAC.>® There are no systematic human studies
on the time frame of device endothelialization that can be variable or
delayed in any individual patient and device.”> On the basis of experi-
mental research in animals, endothelialization is presumed to last at

least 90 days,73'74 but incomplete endothelialization has been
described.” Unfortunately, there is no current standard test to
determine the degree of endothelialization of LAAC devices.”® Ideal
short-term post-implant anti-thrombotic medication should prevent
thrombus formation on the device without increase of bleeding.
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However, data on anti-thrombotic therapy after LAAC is scarce
(Figure 6A). Results from the randomized Amulet IDE study showing
comparative efficacy and safety of dual antiplatelet therapy (DAPT)
vs. anticoagulation regimens are reassuring.>® Different anti-thrombotic
regimens with variable durations are currently used (Figure 6B).
Dependent on LAAC indications, the choice and duration of
anti-thrombotic therapy should be individualized. Potential parameters
to be considered are the indication for LAAC (i.e. major bleeding on
OAC or aspirin, stroke on OAC without high bleeding risk), patient co-
morbidities (i.e. coronary artery disease, diabetes, heart failure with re-
duced ejection fraction), left atrial appearance on echocardiography (i.e.
very large atria, spontaneous echo contrast), and quality of LAAC (i.e.
presence of leaks, uncovered LAA lobes, device protrusion). Most
European centres recommend DAPT regimens followed by antiplatelet
monotherapy (APT) for a limited time or APT alone depending on the
patient’s bleeding risk.>>”® Expert consensus recommends not to per-
form percutaneous LAAC if the patient is not eligible for a minimum of
4 weeks of APT.?” Termination of aspirin therapy should be strongly
considered in regard to data about the randomized comparison of
aspirin vs. NOAC in high-risk bleeding patients that determined
significant bleeding rates in both groups. Ongoing randomized studies
(CLOSURE-AF, STROKECLOSE, CHAMPION-AF, and CATALYST)
together with the FADE-DRT trial (NCT04502017) will help to better
define the optimal medical regimen post-LAAC.

Device-related thrombus

Device-related thrombus is observed with a frequency of 1.6%—16% of
patients after LAAC,””~? disparate numbers originating from lack of
unified definitions for DRT and diversity of follow-up [i.e. transoeso-
phageal echocardiography (TEE) or cardiac computed tomography
angiography]. In PROTECT-AF, all device patients underwent TEE
follow-up at 3, 6, and 12 months. Device-related thrombus was diag-
nosed in 5.7% of patients, with a primary efficacy event occurring at a
rate of 3.4/100 |:>atient-years.80 In an analysis of 1739 patients following
Watchman 2.5 implantation, rates of DRT were affected by the time of
imaging and type of concurrent anti-thrombotic medical therapy.
Overall, DRT was diagnosed in 3.74% of patients.®" A history of
stroke/TIA, peripheral artery or coronary artery disease, high
CHA,DS,-VASc, decreased left ventricular ejection fraction, lower
LAA emptying flow velocity, and larger LAA size were identified as pre-
dictors for DRT. Device-related thrombus was associated with a
four-fold increased risk of ischaemic stroke or systemic embolism.®’
In current prospective LAAC registries, DRT rates at 3-month TEE
follow-up were 4.1% (EWOLUTION)®? and 2.2% (Amulet registry;
Figure ()A).53 A French registry demonstrated an incidence of DRT of
7.2% with DRT being an independent predictor of ischaemic stroke
or TIA during follow—up.78 Taken together, these data illustrate the im-
portance of extended follow-up studies especially in high-risk patients.
Given the association of decreased left atrial function, atrial size, and
thromboembolic events, it is likely that left atrial haemodynamics, i.e.
low-flow state due to fibrotic, immobile atrium, may constitute a risk
factor for DRT. In this regard, permanent AF is associated with left atrial
structural remodelling and fibrosis, a determinant of left atrial throm-
bosis®> and stroke even in patients treated with NOAC.®* Therefore,
DRT could also be a marker for overall thromboembolic risk rather
than being alone the source of thromboembolism. In accordance, the
largest DRT registry identified hypercoagulability, pericardial effusion,
renal insufficiency, implantation depth >10 mm from the pulmonary
vein limbus, and non-paroxysmal AF as independent risk factors for

DRT,% while no signal was detected for different anti-thrombotic regi-
mens. Besides clinical risk factors, the role of post-procedural
anti-thrombotic therapy is disputed. A recent analysis reported an in-
creased risk of DRT in patients without OACP® that was confirmed
in Amulet IDE,*° while the Euro-DRT registry detected DRT independ-
ent of device implantation and anti-thrombotic medication.®” In this re-
gard, recent data determined a reduction of thrombin formation after
LAAC by low-dose rivaroxaban compared with dual antiplatelet ther-
apy (DAPT),% and a recent study found a benefit of post-procedural
low-dose NOAC vs. standard antiplatelet therapy.?” In addition to an
international consensus on the diagnostic criteria and management of
DRT, prospective studies on the optimal post-procedural treatment
after LAAC are warranted. In any case, imaging follow-up after LAAC
should be performed to exclude DRT. Risk of DRT needs to be particu-
larly taken into account in the context of contraindications against
OAC (i.e. recurrent major bleeding) with careful patient selection in re-
gard to net clinical benefit.

Role of peri-device leaks

The efficacy of LAA closure is based on exclusion of the cul-de-sac
structure of the LAA from the circulation, while persistent communica-
tion may not adequately prevent the passage of emboli from the LAA.
Earlier studies in S-LAAC (using suture techniques) showed frequent
incomplete closure.3? Residual PDLs also occur frequently post-
percutaneous LAAC despite meticulous multimodality imaging.”® In
PROTECT-AF, any PDL was classified by TEE in 40.9% after 45 days,
while PDL >3 mm was shown in 13.3%.%° Similar numbers are docu-
mented in the Amulet IDE study (37.0% and 11.2% for Amulet and
53.9% and 25.9% for Watchman 2.5 at 45 days, respectively).” In con-
temporary real-world registries, significant leaks were detected in 8.8%
of patients with the Watchman 2.5 device,”® while the incidence of se-
vere leaks >5 mm was observed only in 1% of cases. The global Amulet
observational study reported PDL in 9.9% of patients at 45 days and sig-
nificant PDL in 1.6%.>® For the newer Watchman FLX, a lower inci-
dence of PDL was observed.*® However, also temporal changes in
PDL incidence and size have been described.” There is no consensus
on the definition of PDL: the cut-off for a clinically significant PDL is ar-
bitrary and varies (<3, >3, and >5 mm), and the optimal method of its
detection (occurrence substantially higher with cardiac computed tom-
ography compared with TEE”>?3-%%)
tion is often not well defined. Anticoagulation has been advised for leaks
>5 mm.” Frequently, PDLs are associated with device malposition,”®*”
insufficient device compression,”® larger LAA dimensions,””*® or com-
plex LAA anatomy.”® Of note, recent data implicate atrial remodelling
in persistent AF associated with reduced deformation capacity due to
reduced ostium elasticity and LAA compliance in leak generation
(Figure 7). Two indexes of orifice morphology—ostium eccentricity
and ostium irregularity—were identified that may assist pre-procedural
prediction of residual leak formation.”® Most clinical studies investigat-
ing the clinical impact of PDL were underpowered due to low clinical
event rates, varying clinical cut-offs, and treatment bias. Recent studies
utilizing large databases determined an association of thromboembolic
events and PDL. In the NCDR LAAO Registry,'® complete sealing was
reported in 37 696 patients (73.4%) on 45-day follow-up imaging, while
13258 patients (25.8%) had small leaks (>0-5 mm), and only 379 pa-
tients (0.7%) had large leaks (>5 mm). Small residual leaks were asso-
ciated with higher odds for thromboembolic events, major bleeding,
and major adverse events. Furthermore, a 5-year analysis of patients
in the PROTECT-AF and PREVAIL randomized trials and their

as well as its mechanism and loca-
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Figure 7 Factors for leak generation following percutaneous left atrial appendage closure. Patient factors such as length of atrial fibrillation or ostial
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continuous access registries determined an association of small leaks
(>0 and <5 mm) persisting at 1 year post-LAAO with a two-fold in-
crease in stroke or systemic embolization due to higher odds of non-
disabling stroke.’®" In accordance with these data, a recent sub-analysis
of the Amulet IDE trial showed that PDL >3 mm on 45-day TEE was
associated with the composite endpoint of stroke, systemic embolism,
or cardiovascular death.”" Therefore, all efforts should be made to
achieve complete seal of the LAA whenever possible in order to miti-
gate the risk of future ischaemic or adverse events. This strategy re-
quires a comprehensive approach that includes adequate pre- and
intra-procedural imaging,mz'w3 an understanding of the underlying
LAA anatomy, the mechanism of peri-device leaks,”® and an optimal
device selection. Therapy of significant leaks (i.e. PDL > 5 mm) consists
of continuation of OAC or transcatheter approaches effectively
sealing leaks by coils,'® vascular plugs, nitinol-based devices,'® or
radiofrequency energy application for stimulation of remodelling/tissue
re‘craction,106 but long-term outcome or comparative data for these in-
terventions are sparse.'”’ Progress in device development, closure
techniques, and imaging (i.e. simulation software'®%) might lower the in-
cidence of PDL in the future.

Catheter-based left atrial appendage

closure in multi-morbid and frail patients

Although LAAC might be appealing for older frail and comorbid pa-
tients who have a high bleeding risk, this patient group is particularly vul-
nerable to peri-procedural complications and major bleeding as
mirrored in the HAS-BLED score, which includes age and comorbidities
such as hypertension, chronic renal or liver disease, and history of
bleeding.'®®""? Presently, this cohort of patients is underrepresented
in clinical trials of LAAC, and demographic development will lead to
an increase of this population in the future. Several studies in a real-
world cohort have demonstrated an association of age, female sex,
body mass index, and comorbidity level with peri-procedural and long-

term outcome.”® Therefore, adequate patient selection is important in
real-world practice.>®' However, patients undergoing LAAC in real-
world practice represent a high-risk population, with a high comorbid-
ity burden and a high rate of adverse events at follow-up, most of them
not related to the LAAC device or procedure. However, only scarce
data exist about treatment futility in these patients. In a recent multi-
centre registry including real-world (i.e. unselected) patients, early
death after LAAC occurred in every sixth patient within 1 year after
LAAC."? Increased risk for early death was independently associated
with older age, low body mass index, impaired renal function, diabetes,
and heart failure. The risk of early death reached 50% in the presence of
>3 of these risk factors. These results confirm that early death after
LAAC is not related to procedural success or peri-procedural compli-
cations but to patients’ characteristics and estimated lifespan.
Therefore, the precarious state of many patients undergoing LAAC
highlights the urgent need for better patient stratification and selection
as well as dedicated prospective studies in this field.

Summary and perspective

Catheter-based LAAC was initially developed as an alternative to antic-
oagulation to reduce the risk of stroke in AF patients with high risk of
stroke and high bleeding risk. Initial moderate-sized clinical trials
support non-inferiority in efficacy of device-based LAAC compared
with OAC, especially with warfarin in high-risk AF patients. Recent early
randomized data comparing LAAC with NOAC are encouraging,
although conclusive evidence will need to await the results of ongoing
larger-scale studies. Novel data suggest an important role for S-LAAC
in concurrent cardiac surgery of AF patients to reduce the risk of sub-
sequent stroke (Figure 8).

Improvement of LAA devices as well as current developments of
pre-, peri-, and post-procedural imaging and planning will aid in further
improvements of safety of percutaneous LAAC. The rapidly growing
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Figure 8 Clinical evidence for left atrial appendage closure. Published and ongoing randomized studies in percutaneous and surgical left atrial append-
age closure are depicted. BMC, best medical care; LAAC, left atrial appendage closure.

field of LAAC with expansion to lower-risk patient populations and no-
vel indications in clinical studies warrants particular attention to unre-
solved issues in order to ensure long-term safety and efficacy. The
benefit of LAAC in frail and multi-morbid patients non-eligible for
OAC at increased peri- and post-procedural complications requires
further study. In addition, controversy exists about the implications
of intra-cardiac thrombus risk in operated patients, incidence of PDL,
and appropriate therapies required in order to prevent post-
procedural thromboembolic events.

Data of several currently ongoing RCTs comparing catheter-based
LAAC with best medical care (including NOACs) in an AF population
with high or lower risk for bleeding and for novel indications will define
optimal patient selection and the future role of catheter-based LAAC.

Supplementary data

Supplementary data are available at European Heart Journal online.
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