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IMPORTANCE Left atrial appendage eliminationmay improve catheter ablation outcomes for
atrial fibrillation.

OBJECTIVE To assess the safety and effectiveness of percutaneous left atrial appendage
ligation adjunctive to catheter pulmonary vein isolation for nonparoxysmal atrial fibrillation.

DESIGN, SETTING, AND PARTICIPANTS Thismulticenter, prospective, open-label, randomized
clinical trial evaluated the safety and effectiveness of percutaneous left atrial appendage
ligation adjunctive to planned pulmonary vein isolation for nonparoxysmal atrial fibrillation
present for less than 3 years. Eligible patients were randomized in a 2:1 ratio to undergo left
atrial appendage ligation and pulmonary vein isolation or pulmonary vein isolation alone. Use
of a 2:1 randomization ratio was intended to providemore device experience and safety data.
Patients were enrolled fromOctober 2015 to December 2019 at 53 US sites, with the final
follow-up visit on April 21, 2021.

INTERVENTIONS Left atrial appendage ligation plus pulmonary vein isolation compared with
pulmonary vein isolation alone.

MAIN OUTCOMES ANDMEASURES A bayesian adaptive analysis was used for primary end
points. Primary effectiveness was freedom from documented atrial arrythmias of greater
than 30 seconds duration 12 months after undergoing pulmonary vein isolation. Rhythmwas
assessed by Holter monitoring at 6 and 12months after pulmonary vein isolation,
symptomatic event monitoring, or any electrocardiographic tracing obtained through 12
months after pulmonary vein isolation. Primary safety was a composite of predefined serious
adverse events compared with a prespecified 10% performance goal 30 days after the
procedure. Left atrial appendage closure was evaluated through 12months after pulmonary
vein isolation.

RESULTS Overall, 404 patients were randomized to undergo left atrial appendage ligation
plus pulmonary vein isolation and 206were randomized to undergo pulmonary vein isolation
alone. Primary effectiveness was 64.3%with left atrial appendage ligation and pulmonary
vein isolation and 59.9%with pulmonary vein isolation only (difference, 4.3% [bayesian 95%
credible interval, −4.2% to 13.2%]; posterior superiority probability, 0.835), which did not
meet the statistical criterion to establish superiority (0.977). Primary safety was met, with a
30-day serious adverse event rate of 3.4% (bayesian 95% credible interval, 2.0% to 5.0%;
posterior probability, 1.0) which was less than the prespecified threshold of 10%. At 12
months after pulmonary vein isolation, complete left atrial appendage closure (0mm residual
communication) was observed in 84% of patients and less than or equal to 5mm residual
communication was observed in 99% of patients.

CONCLUSIONS AND RELEVANCE Percutaneous left atrial appendage ligation adjunctive to
pulmonary vein isolation did not meet prespecified efficacy criteria for freedom from atrial
arrhythmias at 12 months compared with pulmonary vein isolation alone for patients with
nonparoxysmal atrial fibrillation, but met prespecified safety criteria and demonstrated high
rates of closure at 12 months.
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A trial fibrillation isevolvingasaglobalpublichealthcon-
cernwith clinical, social, and economic implications.1

Catheter ablation has changed the atrial fibrillation
therapeutic paradigm.2 Although there is consistent success
treatingparoxysmalatrial fibrillationusingpulmonaryvein iso-
lation, outcomes for nonparoxysmal atrial fibrillation are
suboptimal.2,3Thisobservationmayberelated toadverseatrial
remodeling (including increased left atrial volume and scar)
associatedwithnonparoxysmal forms.Adjunctiveablation tar-
geting sites outside the pulmonary veins (complex fraction-
ated electrograms, rotors, left atrial scar, ganglionated plexi,
and empirical anatomic block lines) have had variable suc-
cessandarenot superior topulmonaryvein isolationalone.2,4,5

The LARIAT left atrial appendage exclusion system is a
novel percutaneous device that places an epicardial suture at
the left atrial appendage neck, resulting in left atrial append-
agenecrosis and resorption.2,6-8 Initial experiencewith thede-
vice suggested that left atrial appendageeliminationcouldpro-
duce both electrical isolation of the left atrial appendage and
a reduction in left atrial volume.9,10 A nonrandomized obser-
vational study suggested a favorable effect of ligation rela-
tive to pulmonary vein isolation alone on the recurrence of
atrial fibrillation after ablation.10 To test the hypothesis that
left atrial appendage exclusion is a viable adjunctive strategy
to increase efficacy of pulmonary vein isolation in maintain-
ing sinus rhythm in patientswith nonparoxysmal atrial fibril-
lation, this trial assessed effectiveness and safety of left atrial
appendage ligation plus pulmonary vein isolation for nonp-
aroxysmal atrial fibrillation treatment.

Methods
Trial Design andOversight
The aMAZE trial was a prospective, multicenter, open-label,
randomized clinical trial of LARIAT (AtriCure, Inc) left atrial
appendage ligation adjunctive to pulmonary vein isolation in
patientswithnonparoxysmal atrial fibrillationundergoing ini-
tial catheter ablation (NCT02513797). The device is US Food
and Drug Administration 510(k)–cleared to facilitate suture
placement and knot tying for use in surgical applications in
which soft tissue are being approximated and/or ligated with
apretiedsuture loopandwas investigational in thecurrent trial
for its use to percutaneously ligate the left atrial appendage
asanadjunct toplannedpulmonaryvein isolationcatheter ab-
lation in the treatment of patients with symptomatic persis-
tent or long-standingpersistent atrial fibrillation. It is a 1-piece
single-use device that delivers a pretied size “0”polyester su-
ture loop to the epicardial heart surface for left atrial append-
age ligationusing apercutaneous approach. Investigators un-
derwent comprehensive training touse thedevice safely. Trial
rationale, design, andprotocol havebeenpublished.11 Partici-
pants haddocumented symptomatic nonparoxysmal atrial fi-
brillation (7 days to 3 years of continuous atrial fibrillation),
unsuccessful treatment with at least 1 class I/III antiarrhyth-
mic drug, and were eligible and planned to undergo catheter
ablation. Key exclusion criteria included left atrial diameter
greater than 6 cm, New York Heart Association class IV heart

failure, bodymass index greater than40, prior opening/entry
into the pericardial space, and documented thromboembolic
event, myocardial infarction, or unstable angina within 3
months of enrollment. Inclusion and exclusion criteria are
shown in in eTable 1 in Supplement 1.

After final eligibility adjudication, patientswere random-
ized in a2:1 ratio toundergo left atrial appendage ligationwith
pulmonary vein isolation or pulmonary vein isolation alone
(control)with stratification by site and atrial fibrillation dura-
tion (Figure1).The2:1 randomizationratiowas intendedtopro-
vide more device experience and safety data and help boost
enrollment. The randomization schedule was masked to pa-
tients, site personnel, and the study sponsor.11 The study stat-
isticianordesigneeusedacomputerized randomnumbergen-
erator to generate randomization schedules for all strata in
advance considering center, persistent vs long-standing per-
sistent atrial fibrillation, and left atrial volume index greater
or less than 32 mL/m2. Reasons for not passing screening are
described in eTable 2 in Supplement 1.

The studywas conducted at 53 US academic and nonaca-
demic sites (eTable 3 in Supplement 1) and was overseen by
the co–principal investigators and executive committee. In-
dependent core laboratoriesvalidated rhythmmonitoringout-
comes and computed tomographic/transesophageal echocar-
diography imaging.An independent clinical events committee
anddata and safetymonitoring committee adjudicated safety
events andmonitored safety andperformance endpoints and
study integrity.Anexternal clinical researchorganization (Ava-
nia, Inc)managed the database, performeddata analysis, and
coordinated clinical events committee and data and safety
monitoring committee activities. The sponsor (AtriCure, Inc)
remained blinded to the aggregate data and results through-
out the trial.

The trial was approved by all centers’ ethics committees
or institutional review boards.Written informed patient con-
sent was obtained. Because of published differences in atrial
fibrillationmanagementandoutcomes inpatientsof racial and

Key Points
Question Does left atrial appendage ligation improve catheter
ablation treatment of nonparoxysmal atrial fibrillation?

Findings In this randomized clinical trial of 610 adults, primary
effectiveness was based on freedom from atrial arrhythmias at 12
months and was not statistically different between those receiving
percutaneous left atrial appendage ligation adjunctive to
pulmonary vein isolation and pulmonary vein isolation alone
(64.3% vs 59.9%; difference, 4.3% [bayesian 95% credible
interval, −4.2% to 13.2%]). Primary safety was met, with a 30-day
serious adverse event rate of 3.4%. At 12 months after pulmonary
vein isolation, there was complete closure in 84% of patients who
underwent left atrial appendage, and 99% had less than or equal
to 5mm of residual communication with the left atrium.

Meaning Percutaneous left atrial appendage ligation adjunctive
to pulmonary vein isolationmet prespecified safety criteria, but
did not meet prespecified efficacy criteria for freedom from atrial
arrhythmias at 12 months compared with pulmonary vein isolation
alone.
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Figure 1. Flow of Participants in a Study of Pulmonary Vein Isolation (PVI)With orWithout Left Atrial Appendage (LAA) Ligation in Atrial Fibrillation

915 Patients with persistent nonvalvular atrial fibrillation 
with previously unsuccessful treatment with class I 
or III  antiarrhythmic drugs assessed for eligibility

305 Excluded
197 Did not pass screeninga

43 Withdrew consent
25 Did not meet final eligibility 

9 Investigator decision
3 Nonadherence
1 Adverse event (transient ischemic attack)
1 Death
1 Lost to follow-up

25 Other

24 Computed tomography angiography ineligibility 
1 No previously unsuccessful treatment with

antiarrhythmic drugs

601 Randomizedb

336 Completed 12-mo visit 187 Completed 12-mo visit

6 Excluded before meeting primary
safety requirements 
3 Investigator decision
2 Withdrew consent
1 Other

17 Excluded before PVI 
8 Investigator decision
3 Did not meet final eligibility
2 Adverse events of cardiac perforation
2 Death
1 Lost to follow-up

17 Excluded before 12-mo visit 
5 Death

1 Nonadherence

4 Lost to follow-up
4 Withdrew consent
1 Investigator decision

11 Excluded before 12-mo visit 

4 Withdrew consent

1 Other

3 Lost to follow-up
2 Death

1 Investigator decision

404 Randomized to receive LAA ligation plus PVI
381 LAA ligation attempted

23 Excluded before LAA ligation
10 Withdrew consent
7 Insurance refused
2 Did not meet final eligibility 
2 Did not pass screening

378 Completed and included in the modified
intention-to-treat population

3 Not completed (pericardial access
not obtained)

206 Randomized to undergo PVI only
198 Underwent PVI

8 Excluded before PVI
4 Withdrew consent
3 Did not meet final eligibility
1 Lost to follow-up

372 Included in the primary safety population

198 Included in the modified intention-to-treat
and primary effectiveness population

355 Included in the primary effectiveness population

At 30- and 90-day follow-up, the following assessments were used: medication
review, physical examination, electrocardiogram, Atrial Fibrillation Effect on
Quality of Life questionnaire, international normalized ratio, CHA2DS2-VASc
score (30-day only), and adverse event/serious adverse event assessment. At
180- and 365-day follow-up, the following assessments were used: medication
review, physical examination, 24-h Holter monitoring, electrocardiogram,
transesophageal echocardiogram (365-day only), Atrial Fibrillation Effect on
Quality of Life questionnaire, international normalized ratio, CHA2DS2-VASc

score, and adverse event/serious adverse event assessment.
a See eTable 2 in Supplement 1 for more information.
bRandomized in a 2:1 ratio. Enrollment was completed on December 13, 2019.
Participants who consented prior to receipt of the official enrollment closure
notification were allowed to continue to be screened, randomized, and
treated per protocol.
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ethnicminority groups, self-classified race and ethnicity data
from fixed categories were collected during consent.

End Points
There were 2 co–primary end points. The primary effective-
ness end point was freedom from episodes of atrial fibrilla-
tion 12 months after pulmonary vein isolation. This was de-
fined asnoevidenceof any episodeof atrial arrhythmia (atrial
fibrillation, tachycardia, or flutter) greater than 30 seconds in
duration documented byHolter or eventmonitor anytime af-
ter the90-dayblankingperiodafter indexpulmonaryvein iso-
lation through 12 months as assessed by the core laboratory,
no additional catheter ablationprocedures after indexpulmo-
nary vein isolation for treatment of atrial arrhythmia (except
right-sidedatrial flutter ablation), andno requirement fornew
or increased dose of previously unsuccessful class I or III an-
tiarrhythmicdrugprescribed to treat atrial fibrillationafter the
90-day blanking period.12 Rhythm was assessed by Holter
monitoring at 6 and 12 months after pulmonary vein isola-
tion, symptomatic event monitoring, or any electrocardio-
gram tracing throughout follow-up. All patients were pro-
vided event recorders at the 90-day postblanking follow-up
visit for as-neededmonitoring should symptomsoccur.Onoc-
currenceof symptoms,patientswere instructed to contact the
site coordinator and apply and wear the monitor for 7 to 30
days.

The primary safety end point was a composite of pre-
defined serious adverse events 30 days after left atrial
appendage ligation plus pulmonary vein isolation compared
with a prespecified performance goal of 10%. This was based
on a weighted mean of published studies of LARIAT safety
experience at the time of the trial (eAppendix 14.4 in the trial
protocol in Supplement 2), yielding a 6% event rate; a 4%
margin was added per best clinical judgement to this
observed rate to account for more rigorous monitoring and
adjudication inherent to a randomized clinical trial. Primary
serious adverse events were defined as serious injury to car-
diac or related structure requiring surgical intervention; sig-
nificant bleeding, defined as 2 or more units of packed red
blood cells administered on postoperative day 1 or 2; organ/
structure injury requiring intervention or fatality; pericarditis
requiring surgical treatment; hemothorax requiring surgical
treatment; pneumothorax requiring surgical treatment; vas-
cular injury requiring surgical treatment, hospital admission,
or packed red blood cell transfusion; pseudoaneurysm or
arteriovenous fistula on imaging or direct visualization; and
pericardial effusion requiring surgical intervention. Primary
safety end points were consistent with contemporary left
atrial appendage closure devices.

Per the trialprotocol,bothprimaryeffectivenessandsafety
endpoint analyseswereperformed in themodified intention-
to-treat population, ie, randomized patients who underwent
anattemptat leftatrial appendage ligationpluspulmonaryvein
isolation or pulmonary vein isolation andhad evaluable data.
Secondary end points included technical success of left atrial
appendage ligation plus pulmonary vein isolation, defined as
less than 1 (±1) mm diameter residual communication be-
tween the left atrium and left atrial appendage assessed by

transesophageal echocardiography immediately after thepro-
cedure, at 30days after left atrial appendage ligationplus pul-
monary vein isolation, and at 1 year after pulmonary vein iso-
lation. All secondary end points are shown in eTable 4 in
Supplement 1.

Interventions
Patients randomized to receive left atrial appendage ligation
plus pulmonary vein isolation underwent left atrial append-
age ligation within 30 days via a percutaneous subxiphoid
approach.11,13 This requires a “dry” pericardiocentesis and
transseptal catheterization to allow connection of the endo-
cardial magnet-tipped guidewire placed in the left atrial
appendage apex with the epicardial magnet-tipped guide-
wire for left atrial appendage stabilization. The snare is
passed over the epicardial magnet-tipped guidewire to
allow left atrial appendage capture with release of the pre-
tied suture for ligation. Periprocedural anticoagulation
guidelines and risk mitigations for bleeding, postprocedure
inflammation, and patient discomfort are summarized in
eTable 5 in Supplement 1. Patients had a 30-day follow-up
visit for clinical assessment and transesophageal echocardi-
ography. Patients underwent pulmonary vein isolation
within the next 30 days.

The pulmonary vein isolation alone (control) group un-
derwent pulmonary vein isolationwithin 30 days of random-
ization. For pulmonary vein isolation in both groups, left and
right pulmonary vein antra were encircled, employing radio-
frequencyablationwith commercially approved contact force
sensing irrigated catheters guidedby electroanatomicalmap-
ping. Pulmonary vein isolation entrance and exit block were
validated and adenosine was administered to exclude dor-
mant conduction. Additional left atrial lesions were protocol
deviations, but ablation of ongoing atrial tachycardia or flut-
ter or suppressionof recurrent spontaneous triggered atrial fi-
brillation when foci could be identified by mapping were al-
lowed. Isoproterenol administration or burst pacingwere not
permitted.

Follow-Up
Follow-up visits were at 3, 6, and 12 months after pulmo-
nary vein isolation in all patients. Antiarrhythmic drugs
to suppress early recurrences were allowed but were to
be discontinued after 90 days. Anticoagulation was con-
tinued throughout the trial per Heart Rhythm Society
recommendations.12,14

Adaptive Sample Size
Uncertainty existed regarding primary end point rates and
treatment effect magnitude, making it difficult to determine
the sample size required for sufficient statistical power.
Thus, a bayesian adaptive sample size strategy was used to
allow observed data to determine the appropriate sample
size and minimize risk of too large or small of a sample, in
which multiple interim analyses were performed for sample
size estimation, with the following 3 potential decisions: (1)
stop the study for futility, (2) stop patient accrual due to pre-
dicted success then follow up all patients to 12-month out-
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comes, or (3) continue enrollment.15,16 Bayesian predictive
probabilities of trial success were used for making interim
sample size decisions. These predictive probability calcula-
tions accounted for observed data (effectiveness, safety, and
missing data patterns), number of patients without primary
end point outcomes, and number of future patients not yet
enrolled. The predictive probability calculations incorpo-
rated bayesian multiple imputation using 6-month outcome
data for patients lacking 12-month outcome data to better
estimate probability of trial success. Interim analyses were
performed after 100 patients were enrolled and 67 patients
undergoing left atrial appendage ligation plus pulmonary
vein isolation had complete safety data (futility stopping
only based on safety end point) and then after a total of 400,
450, 500, and 550 patients were enrolled. Enrollment con-
tinued to the predetermined maximum sample size of 600
patients; 10 additional patients were randomized but did not
undergo procedures before enrollment stopped.

Statistical Analysis
The primary effectiveness analysiswas conducted 12months
after the last patient completed pulmonary vein isolation.
Bayesianprimary effectiveness and safety analyseshavebeen
published.11,17 A bayesian analysis was conducted on the pri-
mary effectiveness end point. The total number of patients
without atrial fibrillation was modeled with a binominal dis-
tribution, with a rate from a uniform beta prior distribution,
resulting in a beta posterior distribution for each treatment
group (see the statistical analysisplan inSupplement3). These
distributionsaccountedformissingdata throughbayesianmul-
tiple imputation, inwhich6-monthatrial fibrillation–freedata
were used to impute 12-month atrial fibrillation–free data for
thosewithmissing data. A bayesian posterior probabilitywas
obtained for theprobability that the atrial fibrillation–free rate
was greater in the treatment group compared with the con-
trol group. The superiority criterionwould be consideredmet
for efficacy if this probability exceeded 0.977 and the lower
boundary of the 95%bayesian posterior credible intervalwas
greater than or equal to 0.20. Per the statistical analysis plan,
the study had 2 randomized stages: the limited early stage
(n = 163) followed by the pivotal stage. Data from all patients
enrolled and treated in both stageswere included for primary
analysis.Per thestudyprotocol, an interimassessmentofsafety
and performance data from the first 100 consecutively en-
rolled patients with follow-up data complete through 30-day
postindex procedure was reviewed by the data and safety
monitoring committee,which confirmedprogression to stage
2per criterion specified in the statistical analysisplan (Supple-
ment 3).

The primary safety end point was modeled with a bino-
mial distribution with a rate based on a beta distribution,
resulting in beta posterior distribution. If the probability that
the serious adverse events rate was less than 10% exceeded
0.957, the safety end point would be considered met. Effi-
cacy and safety posterior threshold criterion (0.977 and
0.957, respectively) were prespecified to control the adap-
tive design type I error as demonstrated via extensive design
simulations.

Results

Patient Characteristics
BetweenOctober2015andDecember2019 (final follow-upvisit
onApril 21, 2021), a total of610patientswereenrolledand ran-
domized to receive left atrial appendage ligation plus pulmo-
nary vein isolation (404 patients) or pulmonary vein isola-
tion alone (206 patients) (Figure 1). The mean (SD) duration
of atrial fibrillation was 4.7 (7.7) months and 465 of 586 pa-
tients (79%) had persistent atrial fibrillation for less than 6
months. Patients undergoing pulmonary vein isolation alone
were amean of 1 year older than those receiving left atrial ap-
pendage ligation plus pulmonary vein isolation, but baseline
characteristics were balanced (Table 1).

Treatment and Follow-Up
Of patients randomized to undergo left atrial appendage liga-
tion plus pulmonary vein isolation, left atrial appendage liga-
tionwas attempted among378patients (93.6%).After pulmo-
nary vein isolation, entrance and exit block confirmed
pulmonary vein isolation in 335 of 355 patients (94%) as-
signed to receive left atrial appendage ligation plus pulmo-
nary vein isolation and 185 of 196 (94%) assigned to pulmo-
naryvein isolation alone.Additional non–pulmonaryvein left
atrial ablation was performed in 28 of 355 patients (7.9%) as-
signed to receive left atrial appendage ligation plus pulmo-
naryvein isolationand 13of 196 (6.7%)assigned to receivepul-
monary vein isolation alone. Final follow-up was completed
in April 2021.

Effectiveness
Of 610 patients randomized, 57 patients exited the study due
to withdrawn consent, loss to follow-up, inability to com-
plete theprocedure, or death.Of 553patients assessed for pri-
mary effectiveness, 523patients (336 in the left atrial append-
age ligationpluspulmonaryvein isolationgroupand187 in the
pulmonary vein isolation alone group) had evaluable data at
365daysafterpulmonaryvein isolationdue towithdrawncon-
sent, loss to follow-up, or death (Figure 1). At 12 months, ab-
solute freedomfromatrial arrhythmiaswas63.7% (211/331) for
left atrial appendage ligation plus pulmonary vein isolation
comparedwith 59.3% (108/182) for pulmonary vein isolation
alone. The bayesian primary analysis model estimated 12-
month effectiveness to be 64.3% for left atrial appendage li-
gation plus pulmonary vein isolation and 59.9% for pulmo-
nary vein isolation alone, a difference of 4.3% (95% bayesian
credible interval, −4.2%to 13.2%;posterior probability, 0.835)
(Table 2, Figure 2). The bayesian probability did notmeet the
0.977 criterion to demonstrate superiority of left atrial ap-
pendage ligation plus pulmonary vein isolation vs pulmo-
nary vein isolation alone.

Incomplete left atrial appendage closure was not associ-
atedwith efficacy. Inpatientswith successful pulmonaryvein
isolation,baselineclass Ior III antiarrhythmicdrugsweremain-
tained at the same or reduced dose or discontinued in 69%of
patients in the left atrial appendage ligation plus pulmonary
vein isolationgroupcomparedwith64%ofpatients in thepul-
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monary vein isolation alone group 12 months after pulmo-
nary vein isolation. This variable was not associated with ef-
ficacy (eTable 6 in Supplement 1). There were no significant
treatment effect differences across prespecifiedbaseline vari-
ables (eFigure in Supplement 1).

Baseline implantable rhythmmonitoringdeviceswerepre-
sent in 61 of 576 patients (10.6%);mean (SD) atrial fibrillation
burden ratewas59.6% (41.7%)and themedian (IQGR) ratewas
71% (IQR4-100), range0%-100%.Atrial fibrillationburdende-
creased in both groups after pulmonary vein isolation with
no significant difference between groups at 6 or 12 months
(eTable 7 in Supplement 1).

Safety
Twelve patients (3.2%) experienced primary safety events
within 30 days of left atrial appendage ligation (Table 2). The
bayesian safety estimatewas 3.4% (bayesian 95%credible in-
terval, 2.0%to5.0%;posterior probability, 1.0),whichmet the
probability criterionof0.957 for safety comparedwith theper-
formance goal of less than or equal to 10%.

Table 1. Baseline Patient Characteristics andMedical History

Variable
LAA ligation plus
PVI (n = 404) PVI (n = 206)

Age, mean (SD), y 66.2 (8.42) 67.4 (7.45)

Median (range) 68.0 (29-80) 68.0 (40-80)

Sex, No. (%)

Male 288 (71) 158 (77)

Female 116 (29) 48 (23)

Ethnicity, No. (%)a

Not Hispanic or Latino 376 (93) 198 (96)

Hispanic or Latino 17 (4) 5 (2)

Unknown 11 (3) 3 (1)

Race, No. (%)a

American Indian or Alaska Native 2 (<1) 0 (0)

Asian 8 (2) 1 (<1)

Black or African American 13 (3) 4 (2)

Native Hawaiian
or Other Pacific Islander

0 (0) 1 (<1)

White 375 (93) 200 (97)

Other 1 (<1) 0

Unknown 8 (2) 2 (<1)

Body mass index, mean (SD) 30.98 (4.546) 31.89 (4.514)

Median (range) 31.00
(19.2-42.6)

31.70
(20.7-41.0)

Prior cardioversion, No. (%) 327 (81) 83 (172)

Medical history, No. (%)b

Hypertension (current or past) 332 (82) 174 (84.5)

Hyperlipidemia
(current or previously resolved)

242 (59.9) 122 (59.2)

Diabetes (current or past) 75 (18.6) 48 (23.3)

Stroke (previously resolved) 26 (6.4) 14 (6.8)

Transient ischemic attack
or suspected neurological event
(previously resolved)

20 (5.0) 16 (7.8)

Thromboembolism
(previously resolved)

17 (4.2) 7 (3.4)

Peripheral artery disease
(current or previously resolved)

15 (3.7) 5 (2.4)

Smoking (current or former) 185 (46) 86 (42)

AF diagnosis, No. (%)c

Persistent 365 (88) 180 (87)

Long-standing persistent 48 (12) 26 (13)

Duration of AF, mo n = 255 n = 135

Mean (SD) 4.8 (8.3) 4.6 (6.4)

Median (range) 0.17 (0.0-8.0) 0.17 (0.0-3.0)

Duration of AF, No. (%) n = 391 n = 195

≥7 d to <6 mo 306 (78) 159 (82)

≥6 mo to <12 mo 39 (10) 15 (8)

≥12 mo 46 (12) 21 (11)

History of AAD use, No. (%)d

Class IB 2 (<1) 0

Class IC 144 (36) 74 (36)

Class III 301 (75) 154 (75)

CHA2DS2-VASc score

Mean (SD) 1.6 (1.10) 1.6 (1.17)

Median (range) 1.0 (0-5) 1.0 (0-6)

(continued)

Table 1. Baseline Patient Characteristics andMedical History (continued)

Variable
LAA ligation plus
PVI (n = 404) PVI (n = 206)

NYHA classification,
No. (%)e

n = 400 n = 205

I 59 (15) 38 (18)

II 106 (26) 45 (22)

III 31 (8) 18 (9)

No history of heart failure 204 (50) 104 (50)

Left atrium diameter, mm n = 390 n = 200

Mean (SD) 44.11 (6.00) 45.38 (6.85)

Median (range) 44.10
(25.7-59.7)

45.60 (5.7-58.8)

Left atrial volume, mL n = 388 n = 199

Mean (SD) 135.31 (38.35) 141.92 (39.55)

Median (range) 131.75
(45.6-283.0)

137.90
(65.2-258.0)

Left atrial volume index, mL/m2

Mean (SD) 63.86 (18.10) 64.94 (18.03)

Median (range) 62.94
(21.49-137.96)

63.04
(25.50-120.94)

Abbreviations: LAA, left atrial appendage; PVI, pulmonary vein isolation.
a The case report forms had closed categories for race and ethnicity; unknown
was a selectable category on the case report form for race and ethnicity.

bMedical history was assessed by authorized staff at participating sites using a
case report form.

c Persistent atrial fibrillation (AF) is defined as AF sustained for �7 days and �1
year; long-standing persistent AF is defined as continuous AF for >1 year
duration.

dNo patients had a history of class IA antiarrhythmic drug (AAD) use.
e New York Heart Association (NYHA) heart failure classes range from I to IV.
Class I is defined as no limitation of physical activity; ordinary physical activity
does not cause undue fatigue, palpitation, or shortness of breath. Class II is
defined as slight limitation of physical activity; comfortable at rest; ordinary
physical activity results in fatigue, palpitation, shortness of breath. Class III is
defined as marked limitation of physical activity; comfortable at rest; less than
ordinary activity causes fatigue, palpitation, shortness of breath. The
exhibition of NYHA IV symptoms was an exclusion criterium for the study
(unable to carry on any physical activity without discomfort; symptoms of
heart failure at rest; any physical activity causes further discomfort).
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Asensitivity analysis assessed total procedural risk of left
atrial appendage ligation plus pulmonary vein isolation. The
rate of left atrial appendage ligation plus pulmonary vein iso-
lationprocedure–related events through30days after pulmo-
nary vein isolationwas 7% (26/372). The pulmonary vein iso-
lationaloneprocedure-relatedevent rate through30daysafter
pulmonary vein isolationwas 3.5% (7/198) (eTables 8 and9 in
Supplement 1). Twopericardial access–related adverse events
occurred. Eight bleeding adverse events were due to pre-
sumed left atrial appendage perforations with pericardial ef-
fusions not requiring additional interventions. Therewereno
significantdifferencesbetweenprocedure-relatedeventswith
left atrial appendage ligation plus pulmonary vein isolation

compared with pulmonary vein isolation alone (eTable 9 in
Supplement 1).

Secondary End Points
At 12 months after pulmonary vein isolation, the per-
protocol (≤1 [±1]mmresidual communication) closure ratewas
85% (258/302); complete closure (0 mm residual communi-
cation) was 84% (253/302), closure with less than 3 mm re-
sidual communication was 93% (278/299), and closure with
less than or equal to 5mm residual communication was 99%
(295/299) (Table 3). Two patients had thrombi after left atrial
appendage ligation on 30-day transesophageal echocardiog-
raphy, which resolved and were undetectable on 12-month

Table 2. Primary Outcomesa

Outcome
LAA ligation plus
PVI (n = 378)b PVI (n = 198)b

Difference (bayesian
95% credible interval) Posterior probability

Bayesian-estimated primary effectiveness through 365 d, %c 64.3 59.9 4.3 (−4.2 to 13.2) 0.835

Primary effectiveness rate, No./total No. (%) 211/331 (63.7) 108/182 (59.3)

Bayesian-estimated primary safety at 30 d, %d 3.4 (2.0 to 5.0) 1

Primary safety, No./total No. (%)e 12/372 (3.2)

Bleeding 8 (2.2)

Serious injury to cardiac/related structure
requiring surgical intervention

3 (0.8)

Vascular injury requiring surgical treatment,
hospital admission, or PRBC transfusion

1 (0.3)

a Quality of life outcomes are presented in eTable 12 in Supplement 1.
bModified intention-to-treat population.
c Primary effectiveness outcomewas freedom from episodes of atrial fibrillation
>30 seconds at 12 months after pulmonary vein isolation, defined as no
evidence of any episode of atrial fibrillation/atrial flutter/atrial tachycardia >30
seconds duration, as documented by Holter monitoring or event monitor at
any time following the 90-day blanking period after index pulmonary vein
isolation through 12months; no additional catheter ablation procedures after
index pulmonary vein isolation for treatment of atrial fibrillation/atrial
flutter/atrial tachycardia (aside from ablation for right-sided atrial flutter); and
no requirement for new or increased dose of previously failed Class I or III
antiarrhythmic drugs prescribed to treat atrial fibrillation following the 90-day
blanking period.

d Primary safety outcomewas the incidence of significant device- or

procedure-related serious adverse events at 30 days after left atrial
appendage ligation. The protocol-specified primary safety events were serious
injury to cardiac/related structure requiring surgical intervention; bleeding (2
or more units PRBC administered on postoperative day 1 or 2, organ/ structure
injury requiring intervention, or fatal); pericarditis requiring surgical treatment;
hemothorax requiring surgical treatment; pneumothorax requiring surgical
treatment; vascular injury requiring surgical treatment/hospital admission or
packed red blood cell (PRBC) transfusion; pseudoaneurysm/arteriovenous
fistula on imaging or direct visualization; and pericardial effusions requiring
surgical intervention.

e No patients experienced the following safety outcomes: pericarditis requiring
surgical intervention, hemothorax requiring surgical intervention,
pneumothorax requiring surgical intervention, pseudoaneurysm/
arteriovenous fistula, or pericardial effusion requiring surgical intervention.

Figure 2. Freedom FromRecurrent Atrial Arrhythmias by Treatment Group After Ablation
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Number of patients at risk was
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pulmonary vein isolation (PVI) and
thus the Kaplan-Meier curve is not
truncated at day 365. Of note, there
were 7 patients across treatment
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to various factors (including the
COVID-19 pandemic). Recurrences in
the initial 90-day blanking period
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was a post hoc analysis and not
prespecified per the statistical
analysis plan.)
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transesophageal echocardiography. There were no apparent
correlations to leaks or stump greater than 10 mm; however,
this incidence is too low to draw conclusions. The device-
related thrombus rate was 0.5%, which is lower than the rate
for endocardial closure devices (3%-4.5%).18-20

Secondaryeffectivenessanalyses, including freedomfrom
atrial arrhythmia recurrence after the 90-day blanking pe-
riod through 12months after pulmonary vein isolation based
on Kaplan-Meier analysis (Figure 2), cardiac hospitalizations
through 12 months after pulmonary vein isolation, and qual-
ity of life assessment, demonstrated no significant differ-
ences between groups (eTables 10, 11, and 12 in Supple-
ment 1).

Secondary safety analyses, including the composite of all-
cause stroke, systemic embolism, or all-cause death through
12months after indexpulmonary vein isolation, foundno sig-
nificant differences between treatment groups (eTable 9 in
Supplement 1). Although therewas an imbalance of deaths in
the left atrial appendage ligation plus pulmonary vein isola-
tion group, only 1 death was attributed to the left atrial ap-
pendage ligation procedure (eTable 13 in Supplement 1). The
data and safety monitoring committee completed a compre-
hensive interim review of mortality events, concluding that
therewerenosafetysignals related to this imbalanceandthere-
fore the observed events did not present any concerns for pa-
tient risk in the left atrial appendage ligation plus pulmonary
vein isolation group.

Discussion
In this multicenter randomized clinical trial of patients with
nonparoxysmal atrial fibrillation, percutaneous left atrial ap-
pendage ligation adjunctive to pulmonary vein isolation did
notmeet prespecified efficacy criteria for freedom fromatrial
arrhythmias at 12months comparedwithpulmonaryvein iso-
lation alone. However, percutaneous left atrial appendage li-
gation adjunctive to pulmonary vein isolation met prespeci-
fied safety criteria and demonstrated high rates of closure at
12 months.

This trialwasbasedon thepremise that left atrial append-
age ligation creates left atrial appendage ischemicnecrosis, at-
rophy, and resorption leading to left atrial appendage electri-
cal isolationanda reductionof left atrial appendage tissue.10,21

The unique pathophysiology of left atrial appendage ligation
differentiates this form of left atrial appendage closure from
devices that occlude the left atrial appendage, which do not
lead to left atrial appendage necrosis and have been evalu-
ated for stroke prevention rather than reduction in atrial fi-
brillation. The results do not support adjunctive left atrial ap-
pendage ligation plus pulmonary vein isolation in the overall
nonparoxysmal atrial fibrillation population undergoing ini-
tial atrial fibrillation ablation. Discrepancies between cath-
eter ablation–based left atrial appendageelectrical isolation re-
sults and the primary efficacy outcome may lie in the
population of the trial studied and differences in the ap-
proach to electrically isolate the left atrial appendage. Cath-
eter ablation strategies target the atrial fibrillation triggers at
the left atrial appendage base (ostium), which can be as high
as 30% in thosewho do not respond to pulmonary vein isola-
tion and are not eliminated with left atrial appendage liga-
tion at the neck.22,23 Study participants predominantly had
early persistent atrial fibrillation, whereas prior catheter-
based left atrial appendage electrical isolation trials con-
sisted of patients with late persistent and long-standing per-
sistent atrial fibrillation and included non–pulmonary vein
substrate ablation.9,22 Additionally, left atrial appendage liga-
tion decreases left atrial volume, resulting in decreased left
atrial critical mass, which may be beneficial with pulmonary
vein isolation only in patients with nonparoxysmal atrial fi-
brillation with left atrial enlargement.10

The adverse event rate in this study is similar to proce-
dural and 7-day complication rates from randomized trials of
endocardial occlusion.18-20 A specific adverse event inherent
to LARIAT left atrial appendage ligation is related to the “dry”
pericardiocentesis. The 2 pericardial access–related adverse
events in the current study are similar to access-related com-
plications for epicardial arrhythmia ablation (4%-7%, with
1%-2% requiring intervention),24-26 butwould not occurwith
left atrial appendage implantation or pulmonary vein isola-
tionalone.The combinedprocedural adverse event rateof left
atrial appendage ligationplus pulmonary vein isolation of 7%
wasnumericallyhigherbutnot statisticallydifferent thanpul-
monary vein isolation alone. Adverse events were similar to
reported pulmonary vein isolation adverse events14 andwere
deemed by the data and safety monitoring committee to be
typical of this patient population, without any clinical trends
or relation to treatment device.

Table 3. Secondary Outcome of Technical Success of Left Atrial Appendage (LAA) Ligation

Assessment point

Diameter residual communication, No./total No. (%)a,b

0 mm (100% Closure)c ≤1 (±1) mmd ≤3 mm ≤5 mm
After LAA ligation plus PVIe 250/314 (80) 274/314 (87) 292/310 (94) 307/310 (99)

30 d after LAA ligation plus PVI 246/328 (75) 267/328 (81) 288/324 (89) 321/324 (99)

12 mo after PVI 253/302 (84) 258/302 (85) 278/299 (93) 295/299 (99)
a Assessed by transesophageal echocardiography color Doppler and evaluated
by core laboratory (3D/2D).

bData measurement categories are not mutually exclusive.
c Some patients (4 patients after LAA ligation, 4 patients 30 days after LAA
ligation, and 3 patients 12 months after pulmonary vein isolation [PVI]) had
residual leak reported, but maximumwidth was not captured. These patients

are included in the 0mm and �1 (±1) mm rows because leak was identified,
but were omitted from �3mm and �5mm rows because width was not
determined.

d Technical success definition per protocol.
e During LAA ligation plus PVI procedure, immediately after LAA ligation.
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The 84% complete closure rate at 1 year demonstrates
LARIAT left atrial appendage closure durability, which is fa-
vorable compared with left atrial appendage occlusion
devices.18 The conventional less than or equal to 5 mm re-
sidual communicationwas achieved inmore than 99%of pa-
tients who underwent left atrial appendage ligation plus pul-
monaryvein isolation.The rateof leaks greater than3mmand
less than5mmwas7%andunrelated todevice-related throm-
bus or embolic events. Stroke preventionwas not a study end
point, but future studies for this outcome are warranted be-
cause the device appears to be effective for left atrial append-
age exclusion and the safety performance goal of the trial
was met.

Limitations
This study has limitations. First, neither left atrial appendage
electrical isolation nor its relationship to closure were mea-
sured, although leaks were not associated with efficacy
outcomes. Second, 23 of 378 patients who received left atrial
appendage ligation exited the study prior to the 30-day
post–left atrial appendage ligation transesophageal echo-
cardiography.Lackofprotocol-specified transesophageal ech-
ocardiography imaging planes or color Doppler imagingwere
study deviations. Missing transesophageal echocardiogra-
phy could have affected closure rates, but likely not dramati-

cally, because 85%of patients had evaluable transesophageal
echocardiography. Theprimary efficacy endpoint of atrial ar-
rhythmia freedom was dependent on the left atrial append-
age ligationprocedure,notclosuresuccess.Third,patientswere
unevenly distributed between 3 nonparoxysmal atrial fibril-
lation classifications, withmost having early persistent atrial
fibrillation. Investigators bias to target non–pulmonary vein
substrate in late persistent and long-standingpersistent atrial
fibrillationmayhave reducedenrollment of thosepatients for
whom left atrial appendage ligation benefit may be expected
to bemore prominent, thus diluting overall treatment effect.

Conclusions
Therewas no significant difference in freedom from atrial ar-
rhythmias at 12 months between patients receiving left atrial
appendage ligation and pulmonary vein isolation compared
withpulmonaryvein isolation alone.Althoughadjunctive left
atrial appendage ligation does not provide significant benefit
to pulmonary vein isolation in reducing recurrent atrial ar-
rhythmias in theoverallnonparoxysmalatrial fibrillationpopu-
lation undergoing initial atrial fibrillation ablation, it demon-
strates durable long-term closure and primary safety events
were significantly lower than the prespecified goal.
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