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Executive Summary

Surgical ablation for atrial fibrillation (AF) can be per-
formed without additional risk of operative mortality or
major morbidity, and is recommended at the time of
concomitant mitral operations to restore sinus rhythm.
(Class I, Level A)

Surgical ablation for AF can be performed without
additional operative risk of mortality or major morbidity,
and is recommended at the time of concomitant isolated
aortic valve replacement, isolated coronary artery bypass
graft surgery, and aortic valve replacement plus coronary
artery bypass graft operations to restore sinus rhythm.
(Class I, Level B nonrandomized)

Surgical ablation for symptomatic AF in the absence
of structural heart disease that is refractory to class
I/III antiarrhythmic drugs or catheter-based therapy or
both is reasonable as a primary stand-alone proce-
dure, to restore sinus rhythm. (Class IIA, Level B
randomized)

Surgical ablation for symptomatic persistent or
longstanding persistent AF in the absence of structural
heart disease is reasonable, as a stand-alone procedure
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using the Cox-Maze III/IV lesion set compared with
pulmonary vein isolation alone. (Class IIA, Level B
nonrandomized)

Surgical ablation for symptomatic AF in the setting of
left atrial enlargement (‡4.5 cm) or more than moderate
mitral regurgitation by pulmonary vein isolation alone is
not recommended. (Class III no benefit, Level C expert
opinion)

It is reasonable to perform left atrial appendage
excision or exclusion in conjunction with surgical abla-
tion for AF for longitudinal thromboembolic morbidity
prevention. (Class IIA, Level C limited data)

At the time of concomitant cardiac operations in
patients with AF, it is reasonable to surgically manage the
left atrial appendage for longitudinal thromboembolic
morbidity prevention. (Class IIA, Level C expert opinion)

In the treatment of AF, multidisciplinary heart team
assessment, treatment planning, and long-term follow-up
can be useful and beneficial to optimize patient out-
comes. (Class I, Level C expert opinion)

(Ann Thorac Surg 2017;103:329–41)
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Abbreviations and Acronyms

AF = atrial fibrillation
AVR = aortic valve replacement
CABG = coronary artery bypass grafting
EO = expert opinion
LA = left atrial
LD = limited data
MVRR = mitral valve repair or replacement
NR = nonrandomized
PVI = pulmonary vein isolation
R = randomized
RCT = randomized controlled trial
RF = radiofrequency
SA = surgical ablation
STS = The Society of Thoracic Surgeons
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revascularization operations, but also as a primary or
stand-alone procedure, the frequency of surgical ablation
(SA) performance and durable rhythm success have
steadily increased. The Society of Thoracic Surgeons
(STS) periodically summarizes scientific evidence into
clinical practice guidelines and recommendations that
may contribute to improving surgical outcomes. It is
anticipated that such guidelines, based on systematic
evaluation of current scientific literature, can contribute
importantly to quality of patient care. Accordingly, the
current document was developed to summarize the
relevant literature, to classify outcome results, and to
provide clinically applicable recommendations. Prior
multiple society interdisciplinary recommendations on
SA were formulated based on earlier literature and
consideration of all cardiac operations as a whole [1, 2].
This guideline assessed the optimal application of SA to
provide recommendations for three operation categories
in clinical practice: primary open atrial operations, pri-
mary closed atrial operations, and stand-alone operations
for AF.

Creation of myocardial ablation lines, as a treatment for
atrial arrhythmias, was first accomplished experimentally
by Williams and associates [3], and reported at the 1980
annual meeting of the American Association for Thoracic
Surgery. Indiscussing thepaper,DrWill Sealy commented:
“Its real importance lies in the demonstration that the atrial
conduction system can be manipulated deliberately and
selectively by the surgeon.” In 1987, after extensive labo-
ratory and clinical investigation, Dr James Cox completed
thefirst clinical ablationprocedure forAF, called themaze I,
and reported 22 successful cases by 1991 [4]. Over subse-
quent years, the operation evolved into the maze III, or the
“cut-and-sew” maze [5], which was applied extensively in
clinical practice [6]. Modifications of the atrial lesion sets
ensued as new energy sources were developed [7, 8]; and
Damiano and associates [9, 10] used a combination of
radiofrequency energy and cryoablation to replace several
of themaze III cut-and-sewlesionsandcalled this facilitated
procedure the Cox-Maze IV. Similarly, in select AF patients
without structural heart disease, this enabling technology
has stimulated a resurgence of interest in epicardial SA
performed as a stand-alone procedure, or in combination
with staged hybrid catheter-based ablation. Ultimately, the
lesion sets of the Cox-Maze IV further evolved to its current
form [11, 12]. The speed and efficacy of the technique pro-
duced an accelerated application while adhering to Cox’s
electrophysiologic principles [5], especially concomitant to
mitral valve surgery. With the trend toward more mitral
valve repair, SA provides a method of avoiding long-term
anticoagulation therapy in patients with AF and primary
mitral regurgitation, and thus,mitral repair andSAwith the
Cox-Maze procedure have become naturally complimen-
tary operations [13, 14]. The rate of SA performed
concomitantly in patientswithAF at the time ofmitral valve
repair in theUnited States has risen from52% to 61.5% over
the last decade [15, 16], andanopportunity exists to improve
this rate further.
In the current literature, numerous studies have

investigated a number of energy sources, lesion sets,
comprehensive procedural outcomes, and specific clinical
indications. Although results of previous work have at
times seemed unclear owing to procedural or electro-
physiologic heterogeneity, a consistent clinical picture
has emerged in recent years. The success of surgical
ablation is dependent on the lesion set and the tools used
to create the lesions. Surgeons should be aware of the
advantages and disadvantages of surgical options for
ablation, and a thorough knowledge of the current sci-
entific literature is invaluable as an overall guide to sur-
gical practice. For optimal outcome, surgeons should
become skilled in SA through fellowship training, peer-
to-peer education, or proctorship. To ensure guidelines
remain current, new data will be reviewed periodically
and the guidelines modified to reflect evolving scientific
understanding. The objectives of this guideline are (1) to
present a balanced review of current knowledge in the
area of surgical ablation; (2) to provide evidence-based
recommendations for clinical practice; and (3) to poten-
tially improve and optimize future patient outcomes.

Outcomes and Endpoints
The primary objective of this guideline is to assess the
safety of performing SA as a concomitant or principal
procedure, defined by mortality or major morbidity, for
three surgical approaches: primary atriotomy operations,
primary nonatriotomy operations, and stand-alone
operations. The secondary objective is to provide a
summary assessment of efficacy regarding quality of life
and rhythm endpoints as measured by multiple-society
monitoring standards.
Methodology

The STS Workforce on Evidence Based Surgery assem-
bled a task force in 2015 to address recommendations for
surgical ablation for AF. The guideline writing committee
reviewed the literature and assessed the quality of evi-
dence relative to operation type. Operations were classi-
fied as concomitant SA associated with primarily open
atrial operations (ie, mitral valve repair or replacement
[MVRR]), concomitant SA at the time of primary closed



Table 1. Applying Class of Recommendation and Level of
Evidence to Inform Clinical Strategies and Recommendations

Classes of Recommendation and Levels of Evidence

Classification of strength of recommendation
Class I (strong; benefit >>> risk): procedure is useful,

effective, and beneficial.
Recommendation: procedure should be performed.

Class IIA (moderate; benefit >> risk): procedure can be
useful, effective, and beneficial.

Recommendation: procedure is reasonable.
Class IIB (weak; benefit equal to or greater than risk):

effectiveness is unknown, unclear, or uncertain.
Recommendation: procedure might be reasonable.

Class III, no benefit (moderate; benefit equals risk):
procedure is not useful, effective, or beneficial.

Recommendation: procedure should not be performed.
Class III, harm (strong; benefit less than risk): Procedure

potentially causes harm or excess mortality and morbidity.
Recommendation: procedure should not be performed.

Level of quality of evidence
Level A: high-quality evidence from more than one

randomized controlled trial (RCT); meta-analyses or
high-quality RCTs; or one or more RCTs corroborated by
high-quality registry studies.

Level B randomized: moderate quality evidence from one
or more RCTs or meta-analyses of moderate quality.

Level B nonrandomized: moderate quality of evidence from
one or more well-designed, well-executed nonrandomized
studies, registries, or observational analyses; meta-analyses of
such studies.

Level C limited data: randomized or nonrandomized
observational or registry studies with limitations of design or
execution; meta-analyses of such studies; mechanistic or
physiologic investigation in human subjects.

Level C expert opinion: consensus of expert opinion based
on clinical experience.
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atrial operations (ie, aortic valve replacement [AVR],
coronary artery bypass grafting [CABG], or AVR plus
CABG), and SA performed as a stand-alone operative
procedure.

Guideline generationwas sponsored by the STSwithout
commercial support, and formulated by a volunteer
member writing committee. Efforts were made to avoid all
conflicts of interest due to industry relationships, and all
committee members disclosed current industry associa-
tions. A balanced unbiased writing group was assembled,
emphasizing both clinical experience and scientific back-
ground. Literature searches focused on randomized
controlled trials (RCT) and meta-analyses, but also used
registries, observational and descriptive studies, reviews,
and expert opinion. Emphasis was placed on evidence that
was relevant to important clinical questions.

Literature Review
Searches were accomplished in the Medline and Embase
databases. Formal search results were limited to papers
published on human subjects in English after January 1,
2004. The following search terms were used to identify
relevant studies: exp Atrial Fibrillation, afib.mp, atrial
fibrillation.mp, AF.mp, Surgical adj4 ablation.mp, cyroa-
blation.mp, Ablation Techniques, Radiofrequency adj4
ablation.mp, Cox MAZE or Cox-MAZE.mp, RFA.mp, exp
Microwaves, mortality.mp. or exp Mortality, exp Sur-
vival/ or Survival.mp, exp Stroke/ or Stroke.mp, Hemor-
rhage.mp. or exp Hemorrhage, bleeding.mp, heart
failure.mp. or exp Heart Failure, exp Patient Readmission,
readmission.mp, Heart Block.mp. or exp Heart Block,
Reintervention.mp, exp Treatment outcome, exp Treat-
ment failure, exp Recurrence, exp “Quality of Life”, exp
Reoperation, and exp Pacemaker, Artificial.

The literature search was supplemented by manual
examination of the identified studies. Abstracts were
reviewed by at least three persons for relevance. More
than 1,500 results were obtained, and papers were
excluded if they were case reports, were population-
based studies covering incidence and risk factors for AF,
had a primary focus on nonsurgical procedures, or sought
to identify potential outcomes or markers not within the
focus of the guideline. The remaining 156 relevant articles
were analyzed in detail by the writing group, and rec-
ommendations were reviewed and formulated by all
members consistent with Institute of Medicine standards
for guideline development [17, 18] (Appendix 1). Obser-
vational studies were appraised using the Newcastle-
Ottawa scale. Appraisals of RCT and meta-analyses
utilized checklists modeled after those recommended by
the Center on Evidence Based Medicine, and all extracted
and reviewed data were compiled in the form of evidence
tables by three coauthors (Appendices 2–4). The manu-
script was presented to and approved by the Workforce
on Evidence Based Surgery and the STS Executive
Committee.

Critical Appraisal
The class of recommendation is considered an estimate of
the size of the treatment effect, balancing risks versus
benefits, and whether a given treatment is or is not useful
and effective (Table 1). The level of evidence is an
estimate of the certainty or precision of the treatment
effect [19].

Definitions of Atrial Fibrillation
Atrial fibrillation is a supraventricular arrhythmia char-
acterized by multiple reentrant circuits producing chaotic
and uncoordinated myocyte depolarization. The diag-
nosis requires (1) irregular RR intervals; (2) absence of P
waves on the surface electrocardiogram; and (3) a variable
atrial cycle length of less than 200 ms [20]. Paroxysmal AF
is defined as recurrent AF episodes (two or more) that
terminate spontaneously within 7 days. Persistent AF is
recurrent AF for 7 days or longer. Longstanding persis-
tent AF is defined as continuous AF of more than 1
year’s duration. Persistent and longstanding persistent
AF sometimes may be categorized clinically as non-
paroxysmal AF. Patients should be classified by their
most frequent pattern of AF during the prior 6 months [2].

Pathophysiologic Principles of Surgical Ablation
The pathophysiology of AF often is initiated by left atrial
(LA) enlargement, which in turn, is associated with
rapidly firing atrial “triggers” frequently located in the
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pulmonary veins. Focal trigger sources may provoke
sustained high frequency reentrant drivers (or rotors),
perpetuating the AF [1, 2, 21, 22]. When high-frequency
atrial activation is maintained, ion channel remodeling
alters the electrophysiologic substrate, promoting sus-
tained macroreentry and increasing the activity of trig-
gers [2]. Thereafter, the predisposition to continuous AF
worsens in a downward pathophysiologic spiral, giving
rise to the clinical concept that “AF begets AF” [23].
Structural heart disease causing atrial dilation often is the
primary factor in this chain of events, and then further
atrial dilation contributes to perpetuating the arrhythmia.
Management of AF by SA is based on two electrophysi-
ologic principles. The first is that any pathologic electrical
triggers (such as those that originate in the pulmonary
veins, posterior left atrium, and other locations) need to
be isolated from the rest of the atria. The second is that a
large contiguous area of atrial tissue is required to sup-
port electrical macroreentry. By creating electrically silent
lesion sets that channel the electrical impulses through a
narrow organized pathway, or maze, macroreentry is
interrupted, and sinus initiation of depolarization is
restored [21].

Demographics
Atrial fibrillation is the most common sustained cardiac
arrhythmia, with a prevalence in the general US popu-
lation of 36 per 100,000 persons per year, affecting as
many as 6% of those older than 65 years [1, 2, 21].
Approximately 89,000 new cases develop yearly, and
570,000 patients have some form of atrial arrhythmia at
any given time. Persons more than 65 years of age have
more than 5 times the average risk of AF, and AF is
more prevalent among men than women. Multiple risk
factors exist, including hypertension, obesity, alcohol
consumption, diabetes mellitus, and structural heart
disease [2]. Mitral valve disorders produce the greatest
LA enlargement, and especially predispose to atrial ar-
rhythmias. Atrial fibrillation also can result from atrial
ischemia, fibrosis, or preexisting atrial disease. In sur-
gical series, the general demographic features follow
suit, and for a given type of cardiac procedure, AF
patients tend to be older and have more risk factors.
Using recent selection algorithms, patients receiving
concomitant ablation tended to be lower risk than
patients whose AF was left untreated. In surgical prac-
tice, the incidence is heavily weighted toward mitral
valve disease [24].

The prevalence of preoperative AF, and also the like-
lihood of undergoing concomitant ablation, vary by
procedure. Atrial fibrillation is most common in patients
having mitral valve surgery, with a prevalence of
approximately 30%. In contrast, AF occurs in only 14%
and 6% of patients undergoing aortic valve and isolated
coronary surgery, respectively [15]. In a 2010 analysis of
early 2000 clinical data, the likelihood of a concomitant
ablation in mitral patients with AF approached 60%, far
exceeding the 31% observed for aortic valve surgery
and 26% for coronary artery bypass [25]. A slightly
decreasing overall incidence of SA procedures was
observed in the early 2000s [25], but more recent infor-
mation suggests a reversal of that trend, especially in
the mitral subgroup [16]. Although differential applica-
tion still exists among the various procedures, it now
appears that overall SA application is increasing in all
categories.

Definitions of Outcome Variables
After SA for AF, the most commonly reported outcome
measures are arrhythmia conversion to sinus rhythm, all-
cause operative or late mortality, and postoperative or
long-term morbidity. Major morbidity is defined as pro-
longed ventilation, deep sternal infection, permanent
stroke, renal failure, and reoperation. Obtaining data on
late nonfatal events can be difficult, and longitudinal
complications are likely underestimated in most retro-
spective studies. Atrial fibrillation conversion is measured
by the percent of patients off class I or III antiarrhythmic
drugs and free of atrial tachyarrhythmia at 3, 6, 9, 12, and
24 months postoperatively. Recurrence is currently
defined as any atrial tachyarrhythmia lasting longer than
30 seconds on a 24-hour Holter monitor recording 6
months after SA [2]. More sophisticated arrhythmia
monitoring systems have their own set of interpretive
challenges and infrastructure requirements that may not
significantly impact practice [26]. Also relevant for SA are
specific nonfatal events such as strokes, transient
ischemic attacks, peripheral arterial emboli, permanent
pacemaker requirement, and esophageal or phrenic
nerve injuries. Other variables include left ventricular
ejection fraction, LA diameter, LA transport function,
symptomatic pulmonary vein stenosis, and symptom
status and quality of life scores.
Mitral Valve Operations and Concomitant
Surgical Ablation

The opportunity to approach AF treatment at the time of
a primary atriotomy operation occurs during mitral
valve repair or replacement with or without tricuspid
surgery, closure of an atrial septal defect or patent
foramen ovale, with or without other concomitant pro-
cedures such as CABG [16]. The mitral patient popula-
tion has a higher AF incidence at surgical presentation,
and therefore, the majority of high-quality RCTs and
meta-analyses of SA are heavily weighted toward, but
not limited to, concomitant mitral procedures. Average
age of patients tends to be early to mid 60s, and the case
mix between paroxysmal and persistent AF is variable. A
large LA is a risk factor for ablation failure, as are
advanced age and AF duration in some series. Failure to
isolate the entire posterior LA, in addition to just per-
forming pulmonary vein isolation (PVI), may increase
the risk of failure. Lesion sets other than the Cox-Maze
III/IV are not routinely mapped to provide electro-
physiology derived efficacy evidence. As compared with
mitral patients in SR, patients with AF tend to be older
and to have worse baseline risk profiles. In a given
procedural group, AF patients not receiving SA tend to
be older, and with more risk factors than patients who
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undergo ablation. High baseline risk and reoperation
seem to be factors in the decision not to perform ablation
[27]. However, most studies suggest that worse risk
profiles are not a contraindication to SA. With some
technologies for SA, such as endocardial cryoablation,
less dissection may be required and concerns about
incomplete ablation at the time of reoperative proced-
ures may be reduced [12]. The safety of concomitant SA
is well established in the literature.

Operative Safety of SA in Mitral Patients
The Washington University group initially documented
that, for selected patients, SA concomitant to mitral
surgery does not increase operative mortality or
morbidity, including pacemaker implantation [28]. Us-
ing multivariable regression and propensity matching,
an STS database registry study demonstrated similar
safety in a cohort made up of 52% mitral patients [15].
Patients who underwent surgical ablation, however, had
a 26% greater likelihood of requiring a permanent
pacemaker (risk adjusted odds ratio 1.26, 95% confidence
interval: 1.07 to 1.49, p ¼ 0.007). In a recent randomized
trial of mitral valve surgery patients, Gillinov and col-
leagues [28] reported no increase in major operative risk
with SA, but a twofold to threefold higher incidence of
pacemaker implantation among patients undergoing
ablation versus patients undergoing mitral valve surgery
alone was observed. The largest meta-analyses, which
included any concomitant operation, however, reported
no significant difference in permanent pacemaker im-
plantation [29, 30]. Although influences on nonfatal
complications are controversial, it is clear that concom-
itant ablation has not significantly increased risk of
death or major complications. Indeed, as experience was
accrued in more recent STS data sets, risk-adjusted
mortality actually was decreased with SA in the multi-
ple valve population [31]. Outcome data and individual
preferences should be discussed between clinicians and
patients to make informed decisions. More work is
needed in this area.

Efficacy of SA in Mitral Patients
Despite wide variability of success rates and the variation
in defining sinus rhythm, the benefit of SA is clear. Based
on the current literature, few technical limitations exist
for the performance of SA at the time of open atrial op-
erations. Several RCTs of mitral-only patients suggest SA
reduces the incidence of postoperative AF by more than
50% [28, 32–35]. In addition, RCTs and meta-analyses
predominantly including mitral patients concur at 1-year
follow-up [29, 36, 37], with additional studies extending
early success into the longer term [30, 38]. Duration of AF,
LA size, and advanced patient age all influence success
rates [39, 40]. As good results are achieved for rheumatic
mitral valve disease as for other etiologies [41–44]. A
learning curve exists, and results improve with more
experience [45]. Therefore, surgeons interested in begin-
ning ablation should seek appropriate training and gain
experience in the technical nuances from experienced
experts.
Long-Term Survival
Demonstration of a survival benefit in mitral patients after
SA has been difficult [28, 46]. This finding may be due to
limited sample sizes and follow-up duration in RCTs, yet
several observational series with larger data sets have
shown significant survival benefits. Better survival is
inherently linked with sinus rhythm conversion rates, so
improving conversion rates is essential for manifesting the
full potential of SA. Propensity-matched studies from
Northwestern University demonstrated significant survival
benefits after SA and restoration of sinus rhythm [45]. This
result was observed in overall populations [47–49] as well
as in the paroxysmal AF groups [50]. Similar survival
benefits were published by an international registry [51].
Several studies have documented better recovery of left
ventricular function after successful sinus rhythm resto-
ration, and LA size usually falls [52, 53]. Surgical ablation
also may be associated with a superior long-term freedom
from stroke compared with nontreatment [54], although a
low but persistent stroke potential continues [55]. In the
majority of studies, patients achieving sinus rhythm
demonstrate improved symptoms, as well as quality of life.
Irrespective of survival benefit, improved long-term qual-
ity of life appears to be one of the consistent and
compelling benefits of SA for AF at the time of mitral
surgery. Based on available data, current ablation tech-
niques are safe, and should be applied at the time of open
atrial procedures, even for high-risk patients [56–60].

Lesion Set Considerations
The open left atrium during mitral procedures facilitates a
direct biatrial ablative approach. In most studies, creating
more complete lesion sets, including mitral isthmus and
LA appendage lesions, predicted success of rhythm end-
points. In a 2006 meta-analysis of primarily retrospective
data regardless of the type of concomitant surgery, a bia-
trial approach resulted in superior freedom from AF across
all timepoints than did a left atrial approach [38]. A more
recent large international registry study of mitral patients
supported this observation [51]. In a 2008 retrospective
study not limited to mitral patients, Voeller and colleagues
[61] demonstrated superiority of the box lesion over a
single ablation line connecting the inferior right and left
pulmonary veins. However, a left atrial box lesion and a
mitral isthmus lesion applied together performed almost
as well as biatrial ablation in other experiences [47, 50, 62].
A randomized subgroup analysis by Gillinov and associ-
ates [28] comparing biatrial to left atrial ablation showed
no statistical difference, although it was underpowered
and follow-up was too short to detect any potential dif-
ference. Finally, Cox and Ad [7] have emphasized the
importance of the coronary sinus cryoablation lesion, and
more complete LA appendage treatment consistent with
the Cox-Maze III or IV lesion set are associated with better
outcomes (Figs 1 and 2) [63, 64].

Limitations
Several of the investigations classified as high-quality ev-
idence documenting the safety endpoint of concomitant



Fig 1. Left atrial lesion sets for
Cox maze IV procedure. (A) Most
linear lesions are created with
bipolar radiofrequency clamps;
shaded in blue are cryolesions at
the mitral isthmus (and left
pulmonary veins for minimally
invasive approach). (B) Linear
lesions also can be created with
cryoablation if required for
minithoracotomies or reoperations
[64]. (Figure 1B � [2014]
Beth Croce.)
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SA for AF at the time of primary mitral opera-
tions include occasional patients receiving additional
secondary operative procedures. Although the majority
of populations defined are weighted to persistent or
longstanding persistent (nonparoxysmal) AF, occasional
studies include mixed populations of paroxysmal AF
patients, lending a degree of heterogeneity to the study
populations. Finally, selection biases may be inherent
Fig 2. Right atrial lesion sets for
Cox maze IV procedure. (A) Most
linear lesions are created with
bipolar radiofrequency clamps,
and cryolesions are placed at two
points on the tricuspid annulus
through direct vision or small
pursestring sutures (red arrows).
(B) Linear lesions also can be
created with cryoablation if
required for minithoracotomies or
reoperations [64]. (Figure 2B �
[2014] Beth Croce.)
to retrospective data that caution interpretation of such
studies.

Recommendations
Surgical ablation for AF can be performed without addi-
tional risk of operative mortality or major morbidity, and
is recommended at the time of concomitant mitral oper-
ations to restore sinus rhythm. (Class I, Level A)
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Aortic Valve and CABG Operations With
Concomitant Ablation

Concomitant AF at the time of primary nonatriotomy
operations includes patients undergoing AVR or CABG,
or both, without surgically significant intracardiac struc-
tural disease. In this population, the presence of AF is a
marker for higher risk, and in itself is associated with
increased risk of early and late mortality and morbidity
[65, 66]. After AVR, surgically untreated AF is associated
with increased cardiovascular morbidity and all-cause
mortality [65, 67]. Surgical ablation concomitant with
AVR or CABG is inherently different from mitral pro-
cedures as the LA is not already open, and therefore,
added procedural surgical decision making is required.
One can certainly perform left and right atriotomies and
full biatrial lesions sets as with mitral procedures;
however, many surgeons have preferred less inva-
sive approaches, as with epicardial SA procedures, oc-
casionally without full consideration of the
pathophysiology of AF.

Operative Safety of AVR or CABG, or Both, With SA
A recent matched cohort analysis compared 124 patients
from a single institution who underwent AVR with or
without a concomitant maze procedure. No significant
differences were observed in operative mortality and
morbidity [68]. Another cohort study of 124 patients also
reported no significant difference in mortality and
morbidity associated with AVR with or without CABG
and concomitant SA [69]. A 2014 randomized study
compared both CABG plus a Cox maze procedure and
CABG with PVI to CABG alone and reported no inhos-
pital mortality [70].

Efficacy of AVR or CABG, or Both, With SA
An early study of the Cox-Maze III procedure in CABG
patients with AF produced a 98% sinus rhythm rate at 5
years [71]. With alternative energy sources, efforts were
made to simplify the procedure. Pulmonary vein isolation
using bipolar radiofrequency has been reasonably suc-
cessful when applied to selected patients with paroxysmal
AF, but with overall sinus rhythm rates of only 59%
in persistent AF patients [72]. As in other studies,
duration of AF and LA size were predictors of ablation
failure [73–75]. Only a single randomized study of 35
patients with paroxysmal AF having CABG only versus
concomitant PVI is available [76]. At 18 months, 89%
patients in the PVI group were AF free versus 47% in the
CABG-only group. In AVR patients with AF, freedom
from AF off antiarrhythmic drugs is better with SA than
without [70, 78, 79]. Rhythm endpoint recovery seems to
approximate 50% to 80% with PVI alone [72], as compared
with more than 90% with biatrial maze procedures
[71, 77]. In a prospective study, ablation for persistent AF
in CABG or AVR patients was safe, and SA was as or
more effective than in mitral patients, reflecting the rarity
of LA enlargement in these groups [74]. In a review of
nine studies examining ablation efficacy, restoration of
sinus rhythm after SA was not significantly different for
AVR plus CABG subgroups, as compared with SA with
concomitant mitral operations [46, 79].
A recent meta-analysis of 16 RCTs evaluated primarily

mitral valve procedures, but also incorporated other
cardiac operations. Both isolated AVR and CABG opera-
tions demonstrated higher prevalence of SR in the SA
group at 1-year follow-up. There were no significant
differences between the ablation group versus the
no-ablation group in terms of mortality, pacemaker
implantation, and neurologic events. In an earlier meta-
analysis focusing on persistent AF at the time of valve
surgery, randomized and nonrandomized studies were
incorporated, and SA was deemed safe and effective
during AVR. Ablation was associated with modestly
longer operative times, but hospital lengths of stay were
similar. Factors affecting the success of ablation included
LA size, duration of AF, and paroxysmal versus persistent
AF [74]. Finally, surgeon experience seems to be impor-
tant to the success of ablation surgery [45]. Future studies
in this area need to incorporate sufficient follow-up time,
and provide data on quality of life and cost effectiveness.

Limitations
The majority of evidence documenting the safety
endpoint and rhythm efficacy endpoint of concomitant
SA for primarily closed atrial procedures (isolated AVR,
CABG, or AVR plus CABG) include patients receiving
additional secondary operative procedures. Whereas the
majority of populations defined are weighted to parox-
ysmal AF, many include persistent or longstanding
persistent nonparoxysmal AF, lending a degree of
inhomogeneity to the study populations.

Recommendations
Surgical ablation for AF can be performed without addi-
tional risk of operative mortality or major morbidity, and
is recommended at the time of concomitant isolated AVR,
isolated CABG, and AVR plus CABG operations to
restore sinus rhythm. (Class I, Level B nonrandomized)
Stand-Alone Surgical Ablation for AF

Patients having AF in the absence of valvular disease are
usually of younger age and with shorter AF durations.
Left atrial size also tends to be smaller, and referral for SA
often is prompted by symptoms. The primary indication
for ablation in stand-alone patients is the presence of
symptomatic AF refractory to at least one class I or III
antiarrhythmic drug. In current practice, most patients
also have had at least one unsuccessful catheter-based
ablation before referral for stand-alone SA [2].

Operative Safety of Stand-Alone SA
In a 2013 systematic review by Krul and associates [80]
that compiled results from 23 observational studies
with 752 patients who underwent minimally invasive
stand-alone procedures, operative mortality was 0.4%.
Complication rates attributed to surgery were just 3.2%
[80]. Analysis of stand-alone procedures recorded in the
STS National Database showed an operative mortality
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rate of 0.74%. The complication rate was considerably
higher at 16.43%, although major morbidities such as
stroke (0.72%), renal failure (2.45%), and bleeding (0.99%)
were low. Pacemakers were implanted in 1.03% of
patients [25]. That remains an area of active clinical
investigation.

Efficacy of Stand-Alone SA
One systematic review suggested the efficacy of bipolar
radiofrequency (RF) was equivalent to the cut-and-sew
maze III technique for stand-alone SA, as long as both
were applied meticulously [78]. Another meta-analysis of
16 published randomized trials indicated that the cut-
and-sew maze III produced slightly better recovery of
sinus rhythm and stroke prevention, but with increased
perioperative risk [29].

Lesion Set Considerations
Most surgical studies of SA in stand-alone patients have
utilized minimally invasive approaches. Thoracoscopic
off-pump radiofrequency PVI plus LA appendage
amputation frequently has been applied [81–86]. For the
60% to 80% of patients who attain the rhythm endpoint,
antiarrhythmic and anticoagulant agents eventually are
discontinued, associated with improvement in quality of
life [87]. In most series, paroxysmal cases had a higher
conversion rate than persistent AF [88]. Whether as the
first procedure or after failed catheter ablation, surgical
approaches were more successful than catheter-based
ablation [89–91]. However, surgical ablation, combined
with repeated catheter ablations in the small number of
failures, has been successful [92], as have been hybrid
approaches, even if these do not encompass the definition
of single procedure success [93, 94]. Isolated PVI has not
performed as well as minimally invasive versions of the
full on-pump endocardial maze procedure [95–97].
Hence, more complete lesion sets are the trend while still
providing a minimally invasive approach [98]. In stand-
alone patients with persistent AF, symptoms and quality
of life improve after AF conversion, but controlled infor-
mation on survival and other events is lacking [98].

Recently, right atrial ablation patterns have been
simplified without losing electrophysiologic efficacy
(Fig 1). Modified right atrial lesion sets may further
reduce operative time and facilitate performance of a full
biatrial maze [99]. Ganglionic ablation has been mini-
mally efficacious, and is not extensively applied [100].
Because LA size is a risk factor for ablation failure, atrial
reduction procedures may have benefit [101–104]. Mini-
mally invasive epicardial off-pump procedures using
limited lesion sets have previously not been very effec-
tive, but these are now improving as methods for creating
more complete ablation patterns are being developed
[95].

Limitations
The majority of the studies comprising the evidence
documenting the safety endpoint and rhythm efficacy
endpoint of stand-alone SA for AF are of moderate
quality as they include a variety of lesion sets and energy
sources leading to technique variability. Although the
majority of defined populations are weighted to parox-
ysmal AF, many include persistent or longstanding
persistent (nonparoxysmal) AF, lending a degree of het-
erogeneity to the study populations.

Recommendations
Surgical ablation for symptomatic AF in the absence of
structural heart disease that is refractory to class I/III
antiarrhythmic drugs or catheter-based therapy is
reasonable as a primary stand-alone procedure to restore
sinus rhythm. (Class IIA, Level B randomized)
Surgical ablation for symptomatic persistent or long-

standing persistent AF in the absence of structural heart
disease is reasonable as a stand-alone procedure using
the Cox-Maze III/IV lesion set compared with PVI alone.
(Class IIA, Level B nonrandomized)
Surgical ablation for symptomatic AF in the setting of

left atrial enlargement (�4.5 cm) or more than moderate
mitral regurgitation by PVI alone is not recommended.
(Class III no benefit, Level C expert opinion)
Energy Sources

At present, alternative energy sources are used in 92% of
all ablation cases, and in 98% of concomitant procedures
[79]. Cryoablation is used as an alternative to RF energy
[105–108], but also can be used adjunctively, as in the
Cox-Maze IV procedure (Fig 1) [109]. Cryoablation is
effective in producing electrically silent ablation lines,
and can be used judiciously in proximity to coronary
arteries and valve tissue, without injury. Cryoablation has
the important advantage of being applied from within the
atrium, and can be useful in minimally invasive proced-
ures or reoperations. As compared with RF and cryoa-
blation, ultrasonic and microwave techniques have
proven less effective [110–116], and now are not
commercially available.
For patients requiring stand-alone SA performed

through sternotomy or minimally invasive alternative
approaches, questions persist about the relative efficacies
of PVI, extended LA ablation only, and biatrial lesion sets.
Currently, most studies suggest the relative superiority of
extended LA and biatrial lesions sets over PVI, with more
extensive ablation patterns producing the best AF con-
version rates [108, 117]. Moreover, the efficacy of both RF
and cryoablation is enhanced by performing the lesion set
on cardiopulmonary bypass as opposed to off bypass,
except for bipolar RF, which is equally effective as long as
the tissue can be clamped, owing to a heat sink effect of
the circulating intracavitary blood that limits epicardial
lesion formation. Recent experience with hybrid mini-
mally invasive PVI or posterior encircling pulmonary vein
box lesions followed by interval catheter-based mapping
and focal ablation completion have revealed encouraging
short-term results in limited clinical trials or registry
experience [81–90, 92–94, 96, 97, 112, 115, 118, 119].
Achieving the rhythm endpoint appears dependent on

preoperative left atrial size and duration of AF. Therefore,
overall results likely are determined by a combination of



337Ann Thorac Surg SPECIAL REPORT BADHWAR ET AL
2017;103:329–41 GUIDELINES FOR SURGICAL ABLATION FOR ATRIAL FIBRILLATION
both patient factors and lesion sets applied. Simple PVI
can be successful in nonmitral patients with brief AF
duration and normal LA size, and some studies have
observed no efficacy differences between extended LA
lesions and full biatrial maze [120–122]. However, in
most cases, complete biatrial ablation seems more
effective, and also may have better long-term stability
[11, 38, 51, 56, 61]. Surgeons should be aware of the ad-
vantages and disadvantages of surgical options for abla-
tion. Indeed, incomplete lesion sets can be proarrhythmic
and have been implicated in the induction of atypical
macroreentrant atrial flutter [123].
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Additional Considerations for Surgical
Ablation Therapy

Most patients are administered perioperative class I or III
antiarrhythmic drugs, such as amiodarone [124], and
these are often continued for 2 to 3 months after SA [125].
The vast majority of patients who achieve stable sinus
rhythm eventually can discontinue all antiarrhythmic
agents [88]. Good follow-up is essential [126], and at least
periodic 24-hour Holter monitoring should be routine
[25]. Atrial fibrillation recurrence should prompt consid-
eration for catheter-based assessment and possible abla-
tion [92]. However, after proper SA, symptomatic
recurrences should be uncommon and repeat ablation
unusual.

Management of the LA appendage by cavity oblitera-
tion has added significantly to improving outcomes. That
is commonly performed by resection, epicardial stapling,
clip application, or endoatrial double-layer longitudinal
suture closure. Stapling has had particularly poor out-
comes, with the majority of patients having a residual
stump, which can be thrombogenic. Left atrial appendage
obliteration reduces early and late stroke rates by more
than 50% and has modest survival benefit [63]. In most
series, LA appendage management has become routine.
Complete LA appendage obliteration is recommended in
all surgical ablation subsets.

After SA for AF, full anticoagulation therapy is com-
mon and reasonable until durable rhythm restoration is
established, provided the patient otherwise meets criteria
for the safe administration of systemic anticoagulant
agents. Anticoagulation therapy is commonly continued
until a stable sinus rhythm is documented by at least a
24-hour Holter monitor off all antiarrhythmic drugs, often
between 2 and 6 months postoperatively. It is also com-
mon practice to obtain an echocardiogram before dis-
continuing anticoagulation to ensure adequate LA
emptying by the absence of spontaneous LA echocardi-
ography contrast [1].

Multidisciplinary collaboration between cardiothoracic
surgeons having clinical interest and experience with SA,
and electrophysiologists experienced in the pharmaco-
logic and catheter-based management of AF can enhance
patient outcomes. Monitoring at regular intervals by
the cardiac surgeon or electrophysiologist, or both, is
important to ensure appropriate postoperative manage-
ment and optimization of results. After SA, it is suggested
that patients be longitudinally followed for at least 1 year
by the surgeon. The measure of success SA is freedom
from AF and antiarrhythmic drugs at 1 year. To detect late
recurrence, continued surveillance beyond 1 year is
suggested.

Recommendations
It is reasonable to perform LA appendage excision or
exclusion in conjunction with surgical ablation for AF for
longitudinal thromboembolic morbidity prevention.
(Class IIA, Level C limited data)
At the time of concomitant cardiac operations in pa-

tients with AF, it is reasonable to surgically manage the
LA appendage for longitudinal thromboembolic
morbidity prevention (Class IIA, Level C expert opinion).
Multidisciplinary heart team assessment, treatment

planning, and long-term follow-up can be useful and
beneficial to optimize outcomes of surgical ablation for
AF. (Class IIA, Level C expert opinion).

Conclusion
Surgical ablation for atrial fibrillation has been under
continuous development for more than 3 decades. Many
advances have been made, and a current consensus on
techniques and outcome expectation is developing. With
alternative energy sources being applied in consistent
lesion sets according to electrophysiologic principles,
operative times have been reduced while maintaining
excellent safety and efficacy. It is clear that SA is effective
in reducing AF and improving quality of life. It is possible
that data from continued longitudinal follow-up of larger
patient cohorts will further illuminate the survival benefit
of SA. Given that SA can currently be applied without
increase in operative risk of mortality or major morbidity,
and that benefits to long-term rhythm control and quality
of life appear consistent, the more frequent performance
of guideline-directed SA may improve patient outcomes.
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