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The most beneficial options for patients with arrhythmia and
concomitant structural heart disease: a review
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Abstract: Atrial fibrillation (AF) substantially increases the risks of heart failure, stroke, and death, reduces
patient quality of life and productivity, and increases healthcare resource utilization and costs. Many of
the comorbidities present in cardiac surgery patients overlap with the risk factors for AF. AF can precede
and contribute to the development of structural heart disease or can progress as atrial pathology worsens,
creating substrate for AF across both atria. Published evidence makes clear that not treating pre-existing AF
has negative consequences for patients undergoing cardiac surgery. Therefore, concomitant treatment of AF
during cardiac surgery is paramount. The objective of this review is to provide expert perspective on current
treatment options for patients with AF and concomitant structural heart disease, including a discussion of
relevant literature. Ideally, bi-atrial Cox-Maze surgical ablation will be performed, which is supported by
long-term data on its benefits including sinus rhythm restoration, reduced anti-arrhythmic drug (AAD)
dependency, and mortality. When Cox-Maze is not appropriate either due to patient or operator factors,
there is a role for limited lesion sets that prioritize the left atrial pathology and give primacy to isolation of
the left atrial posterior wall and pulmonary veins (PVs). Always, effective closure of the left atrial appendage
must be included. Consensus guidelines recommend surgical ablation to treat AF in patients with structural

heart disease, which should be part of the comprehensive management of patients with heart disease

requiring intervention accompanied by AF.
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Introduction

The worldwide prevalence of atrial fibrillation (AF) is
increasing (1), with an estimated 37 to 46 million people
affected (2,3). Risk factors contributing to AF include
increased age, diabetes, obesity, chronic obstructive
pulmonary disease, heart failure, coronary artery disease,
obstructive sleep apnea, alcohol consumption, physical
inactivity, and smoking (4,5). In addition to being risk
factors for AF, these are also common comorbidities found
in cardiac surgery patients making them a fundamentally
high-risk population for AF. These comorbidities combined
with structural changes in the atria related to valvular
disease and left ventricular dysfunction also support
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screening diligently for AF before patients go to the
operating room.

The gravitas of untreated AF cannot be understated,
with the most devastating outcomes being stroke, heart
failure, and death. AF carries a three- to five-fold increase
in stroke (6), and the severity of AF-associated strokes is
worse than those occurring in the absence of AF (7). AF and
heart failure often co-mingle, with AF contributing to left
ventricular (LV) dysfunction leading to heart failure. Recent
histopathologic evidence reveals that AF adversely affects
LV myocyte function independent of heart rate (8). Thus,
rate control is an inadequate defense against LV damage
due to AF. Using Framingham Heart study data, Lubitz
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et al. reported that two-thirds of patients with AF
experienced stroke, heart failure, or mortality within
a decade of their first diagnosed episode of AF (9). In
addition, AF symptoms are detrimental to quality-of-life
(QOL) due to exercise intolerance, depression, and anxiety.
The ORBIT-AF registry found that higher burden of AF
symptoms correlated with reduced QOL and increased
hospitalization rates, independent of major morbidity and
mortality (10).

Healthcare resource utilization and productivity are
strained by AF. Based on propensity score-matched analysis,
patients with AF have significantly greater likelihoods
of all-cause hospitalization, cardiovascular-related
hospitalizations, and death during hospitalization (11). This
translates into an estimated $8,000 extra cost per patient
and up to $26 billion extra direct and indirect costs from AF
per year. An analysis of the GARFIELD-AF registry found
that AF accounted for an estimated €18 billion in healthcare
and mortality-related costs in France, Germany, Italy, Spain
and the United Kingdom (12). Clearly, the opportunity to
detect and treat AF at the time of cardiac surgery should
not be missed, due to its burden on individual patients and
healthcare at large.

Recognizing the risk of untreated AF, and the variety of
surgical approaches attempting to treat concomitant AF, the
objective of this perspective is to offer a rationale for the
most beneficial options. A discussion of relevant literature,
and critical assessment of the advantages and limitations of
different techniques are provided.

Implications of AF in patients with structural
heart disease

Although the prevalence of AF varies among structural
heart disease conditions, based on analysis of the Society
of Thoracic Surgeons (STS) database, approximately
13% of patients undergoing cardiac operations have pre-
operative AF (13). It is reasonable to assume the percentage
is higher given the likelihood of undetected preoperative
AF. Categorical rates of pre-operative AF among cardiac
surgeries are approximately 30% for mitral valve (MV)
surgery, 18% for isolated aortic valve replacement
(AVR) (14), and 6% for coronary artery bypass graft
(CABG) (15,16). With age comes more AF, and a study of
the Medicare database by McCarthy et a/. revealed pre-
operative AF rates are 62% with MV surgery, 33% for AV
surgery, and 20% of CABG (17).

Structural heart disease contributes to development of
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AF by increasing left atrial pressure leading to left atrial
enlargement (18). Subsequently, chronic atrial stretch
induces fibrosis and electroanatomic remodeling which
initiate and perpetuate AF. Onset of AF may predate
structural heart disease and thus have its genesis in medical
comorbidities and/or genetic predisposition. In fact,
preexisting AF can be the driver of valvular regurgitation for
either or both atrioventricular valves. AF-related atriopathy
and atrial expansion produces atrio-annular enlargement
and insufficiency of the atrioventricular valves (19).
Furthermore, tachycardic and non-tachycardic LV
cardiomyopathy results from AF leading to LV remodeling,
elevated LV end diastolic pressure, mitral regurgitation and
pulmonary hypertension with subsequent elevated right
sided pressures and tricuspid regurgitation (20).

The presence of pre-operative AF increases morbidity
and death. Several studies evaluating matched cohorts
of patients with pre-operative AF compared to those
in sinus rhythm undergoing concomitant CABG and/
or valve procedures had the same finding (21-24). The
implications of pre-procedural AF do not disappear
when the intervention is switched to transcatheter. In
the PARTNER and PARTNER 2A trials, intermediate-
and high-risk patients with baseline AF who underwent
transcatheter aortic valve replacement (TAVR) experienced
increased one- and two-year mortality rates compared to
those in sinus rhythm (25,26). A substantial proportion
of patients undergoing transcatheter mitral valve repair
(TMVR) have pre-existing AF, with some studies reporting
up to 67% prevalence (27). Meta-analyses have found
increased risks for mortality, bleeding, and hospitalization
with pre-operative AF in TMVR patients (28,29). The
lifelong risks of AF and evidence supporting its treatment
at the time of cardiac surgery are so compelling that
guidelines of the European Association for Cardio-Thoracic
Surgery (EACTS) (5), STS (30) and American Association
for Thoracic Surgery (AATS) (31) all recommend its
concomitant treatment.

Surgical arrythmia management

The Cox-Maze is a concept whereby transmural lesions are
created in a pattern isolating the posterior wall of the left
atrium and transecting pathways in both atria identified
through electrophysiologic studies as mechanisms for
sustaining atrial flutter and fibrillation, while leaving the
corridor of conduction from the sino-atrial node to the
atrio-ventricular node intact (Figure I). The cut-and-
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Figure 1 Bi-atrial Cox-Maze IV lesion set. Main frame: Cox-Maze IV lesions made in sequential order in the left (A1) and right atria (B). (A2)

With repeat closed clamp technique, it is reasonable to use only the left atriotomy which connects the roof and floor lesions to complete the

box on the right side of the posterior left atrium. Figure used and adapted with permission from AtriCure, Inc. The numbers 1-6b in panels

(A1,A2) indicate the left atrial lesion order. The numbers 1-5 in panel (B) indicate the right atrial lesion order. SVC, superior vena cava;

IVC, inferior vena cava; RE, radiofrequency.

sew Cox-Maze established the highest level of efficacy
achievable in AF treatment. After performing the first Cox-
Maze in 1987 (32), Dr. Cox and colleagues made changes to
the position of lesions arriving at the Cox-Maze III, which
serves as the template for all current surgical AF therapy.
Even with the third iteration, the cut-and-sew operation
was too technically complex for widespread adoption. In
2002, the Cox-Maze IV was introduced by Dr. Gaynor and
colleagues, using ablative energy devices to create nearly
all of the lesions (33). The goal of using radiofrequency
or cryothermal energy is the same as a knife: transmural
lesions. In the Cox-Maze IV, a bipolar radiofrequency clamp
is used to create most of the lesions, while cryoablation
probes are applied for those crossing the coronary sinus and
annuli (Figure 1). The atriotomies are incorporated into the
lesion set. With regulatory approval of the bipolar clamp
to treat concomitant persistent AF came the opportunity
to teach the operation globally (34). The Cox-Maze IV
performed with radiofrequency and cryothermal energy
became the gold standard for concomitant surgical ablation
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to treat AF (31).

Cryothermal energy is advantageous when ablating
across the tricuspid and MV annuli because it does not
denature collagen. Properly applied, cell death is assured,
and animal studies have shown excellent transmurality
can be achieved with cryoablation (35,36). In fact, Cox
described a minimally invasive approach to Cox-Maze
IIT with cryoablation in 1996 (37). Retrospective studies
have compared safety and effectiveness of surgical ablation
performed exclusively with cryoablation to that performed
with combined radiofrequency and cryothermal energy (38).
One study found similar safety and effectiveness (38), while
another suggested higher rates of sinus rhythm off anti-
arrhythmic drugs (AADs) and fewer strokes associated with
cryothermal energy (39), but lacked clarity on the lesion
set. Currently there is an ongoing investigational device
exemption trial to evaluate safety and effectiveness of
cryothermal-only Cox-Maze III ablation concomitant with
cardiac surgery for treatment of persistent and longstanding
persistent AF (NCT03732794).
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Table 1 Selected mid- and long-term outcomes of concomitant Cox-Maze surgical ablation

Freedom from atrial

Study Index procedure Lesion set T'”_’e' Freedom.from gtnal arrhythmias or in SR Ovefa" Freedom
point arrhythmias or in SR survival from stroke
off AADs

McCarthy et al.Isolated valve (36%) Biatrial CMIV: 3years 73.7% 64.3% 81.7% 95.6%
2022, (41) CABG/double valve (7%) 94.5%

Double valve (23%)

Isolated CABG (18%)

CABG/valve (16%)
Khiabani et al. Mitral + tricuspid valve (51%) Biatrial CMIV: 10 years 75.4%* 61.5%" 86%* NR
2022, (42) CABG + mitral valve (20%) 89.7%

Aortic valve + CABG (16%)

Aortic + mitral valve (4%)

Other (9%)
Ad et al. 2018, Isolated mitral valve (46%) CMIV: 45% 7 years 66% 55% 7% 96.6%
43) Mitral valve + other (54%) CMIll (Cryo):

55%

*, outcomes for concomitant ablation procedures, excludes standalone ablation. SR, sinus rhythm; AADs, anti-arrhythmic drugs; CABG,
coronary artery bypass graft; CM, Cox-Maze; CMIIl, Cox-Maze lll; CMIV, Cox-Maze IV; NR, not reported.

Implications of treating AF during concomitant open-
beart surgery

Clinical trials, including randomized controlled (40),
investigational device exemption (34), and post-approval
studies (41), have all revealed favorable rhythm outcomes
with concomitant Cox-Maze IV. Now that nearly
20 years passed since the first published series of Cox-
Maze IV procedures, long-term rhythm outcomes data
has accumulated. There is variability in data collection
methods and technique for surgical ablation creating a
less than perfect understanding of the implications of
different approaches, but clearly rhythm restoration can
be accomplished during concomitant open-heart surgery
(Table 1). Khiabani er al. reported on 10-year outcomes of
surgical ablation at a single-center (42). Of the 853 patients,
most patients had ablation via sternotomy, most procedures
were performed concomitantly with a cardiac surgical
procedure, and most patients received a bi-atrial Cox-Maze
IV. With concomitant surgical ablation, freedom from atrial
tachyarrhythmias at 5 years was 82.7% in 179 patients and
10 years was 75.4% in 65 patients. Off AADs, these rates
were 70.9% and 61.5%, respectively. The authors found
no differences in outcomes between sternotomy and right
mini-thoracotomy nor between concomitant and standalone
procedures. Ad et al. reported rhythm outcomes after Cox-
Maze III/IV procedures during MV procedures, 89% of
which were performed via sternotomy (43). At 5 years
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(n=158) and 7 years (n=80) since the procedure, 80% and
66% of patients were in sinus rhythm, and 69% and 55%
were in sinus rhythm off AADs, respectively.

Perhaps most importantly, the effect of concomitant
surgical ablation on late mortality has also been investigated
(Table 2). In a propensity-score matched comparison of
cardiac surgery patients with AF who underwent Cox-
Maze ablation compared to those with untreated AF, there
was a significantly higher 10-year overall survival rate
with Cox-Maze IV ablation compared to no AF treatment
(adjusted HR 0.47) (44). The 10-year survival with Cox-
Maze treatment was similar to survival of patients who
did not have pre-operative AF (adjusted HR 1.03). Three
studies using a large Polish registry have also reported a
benefit of surgical AF ablation on late mortality in patients
undergoing cardiac surgery using propensity-score matched
groups (45). The investigators found significantly reduced
risks of late-term mortality when surgical AF ablation was
performed concomitant with isolated CABG (HR 0.67,
P=0.008, median 4.3 years follow-up) (46), MV surgery
(HR 0.82, P=0.011, median 5 years follow-up) (45), and
in a population who had isolated or combined CABG
surgery (HR 0.74, P=0.036, median 4 years follow-up) (47).
Similarly, an analysis of the Northern New England
Cardiovascular Disease Study Group Cardiac Registry
demonstrated the risk-adjusted HR for 5-year survival
with surgical AF ablation concomitant with cardiac surgery
(CABG, valve, or combination) was 0.69 compared to
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Table 2 Selected studies of long-term survival after concomitant SA compared to matched surgical group without SA

Follow-up time,
median (IQR)

Concomitant Source

Adjusted long-
Reported increased peri-operative outcomes term survival

Study surgery type  population Study period ormean + SD  in SA group rate benefit
years with SA
Musharbash  CABG, Single-center 2001-2016 SA: 4.2+3.4 Cross clamp time, 97 vs. 87 min (P<0.001) 53%, P=0.014

et al. 2018, Aortic valve,
(44) mitral valve,
tricuspid valve

Suwalski et al. Mitral valve  National 2006-2017 5(1.9-7.9)
2019, (45) registry

Suwalski et al. Isolated National 2006-2018 4.3 (1.7-7.4)
2020, (46) CABG registry

Kowalewski  Isolated/ National 2006-2019 4 (1.3-6.9)
et al. 2020, combined registry

47) CABG

Iribarne et al. CABG, valve, Regional 2008-2015

2019, (48) CABG/valve registry

0-7.6 years)

No SA: 3.8+3.8 CBP time, 193 vs. 132 min (P<0.001)

Pneumonia, 11% vs. 7% (P=0.045)
Pacemaker implant: 12% vs. 5% (P=0.002)
ICU LOS, median 3.6 vs. 2.2 days (P<0.001)
Hospital LOS, median 11 vs. 8 days (P<0.001)

None 18%, P=0.01

None 33%, P=0.008

Respiratory failure 8.1% vs. 4.6% (P=0.04) 26%, P=0.036

Mean 2.6 (range, Cross clamp time, 92.9 vs. 86.3 min (P=0.037) 31%, P=0.013

CPB time, 137.8 vs. 122.7 min (P<0.001)

SA, surgical ablation; IQR, interquartile range; SD, standard deviation; CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass;

ICU, intensive care unit; LOS, length of stay.

cardiac surgery without AF ablation, with mean 2.6 years
of follow-up for survival (range, 0-7.6 years) (48). In effect,
observational data from registry and single-center studies
support a long-term survival benefit of surgical ablation
concomitant with cardiac surgery in patients with AF.
Database analysis reveals that surgical ablation is
predominately performed during MV procedures, and less
commonly with isolated CABG and AVR procedures. One
obvious explanation is the need to enter the left atrium.
While non-atriotomy left atrial and bi-atrial lesion sets
performed during concomitant open non-MV surgeries
have been described, published data is currently limited to
technique (49,50). To compare the outcomes of performing
surgical Cox-Maze concomitantly with a MV versus a
concomitant non-MV procedure, Ad et a/. performed
propensity score matching to identify two balanced
cohorts of 164 patients each (51). Peri-operative outcomes
(incidence of stroke, prolonged ventilation, renal failure
requiring temporary dialysis, pacemaker implantation, and
readmission within 30 days), length of hospital stay (median
7 days for each group, P=0.843), and 30-day operative
mortality rates (1.8% in each group, P>0.999) were similar
between groups. Furthermore, the annual proportions of
patients in sinus rhythm irrespective of AADs were similar
out to 5 years after the procedure. The proportion of
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patients in sinus rhythm was 80% at 5 years after Cox-Maze
with MV surgery and 72% with non-MV surgery (P=0.303).
Off AADs, 68% of patients who received Cox-Maze with
MV surgery and 63% who received Cox-Maze with non-
MV surgery were in sinus rhythm (P=0.492).

In addition to single- and multi-center studies evaluating
the effectiveness of surgical ablation to restore normal
sinus rhythm and reduce AAD use, studies have leveraged
national databases to evaluate clinical outcomes of surgically
treating AF during concomitant open-heart surgery. Based
on a propensity score matched analysis of the STS database
between 2011 and 2014, Badhwar et 4l. found concomitant
surgical ablation during CABG and valve procedures
reduced the relative risk (RR) of 30-day mortality (RR 0.92,
95% CI: 0.85-0.99) and stroke (RR 0.84, 95% CI: 0.74-
0.94) compared to patients who did not undergo surgical
AF ablation, though RRs of renal failure (1.12, 95% CI:
1.03-1.22) and pacemaker implantation (RR 1.33, 95% CI
1.24-1.43) were increased (13). Another propensity-score
matched analysis of the STS database reported that surgical
ablation with isolated aortic valve procedures did not add
30-day operative mortality or post-operative stroke risk
compared to no ablation, however pacemaker implantation
was increased from 5% to 6.8% (14). As the authors
point out, this early essentially neutral finding should be
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framed in the context of the known long-term benefits of
concomitant AF treatment.

Guidelines for concomitant treatment of AF during cardiac
surgery

Based on available data in 2017, the STS gave surgical
ablation a Class I recommendation based on Level A
evidence when performed concomitantly with MV repair/
replacement and a Class I recommendation based on Level
B evidence when performed concomitantly with isolated
AVR, isolated CABG, or AVR/CABG procedures (30).
While AATS has given a Class IIA recommendation to the
lack of added peri-operative and long-term morbidity and
mortality, reduction of AF symptoms, and improvement in
QOL associated with concomitant surgical ablation (31),
they make a Class I recommendation for the observed
reduction in operative mortality. The 2020 European Society
of Cardiology (ESC)/EACTS guidelines gave surgical
ablation a Class ITA (Level A evidence) recommendation that
it should be considered with concomitant cardiac surgery (5).

Undertreatment of concomitant AF in the presence of
structural beart disease

Taken together, based on published evidence (I) untreated
AF in the context of structural heart disease portends poorer
clinical outcomes; (II) concomitant surgical AF ablation
restores normal sinus rhythm and reduces AAD use in most
patients; and (III) consensus guidelines support concomitant
surgical AF ablation. Notwithstanding, AF remains
undertreated in the cardiac surgery patients. Based on the
STS database, slightly less than half (48%) of patients with AF
received surgical ablation at the time of concomitant cardiac
surgery for structural heart disease between 2011 and 2014
and it was dominated by mitral surgery (13). In the Medicare
population, the proportion of patients with AF treated with
concomitant surgical ablation was 22% in 2014 (17).

Minimally invasive cardiac surgery—do we bave to give up
on AF treatment?

As minimally invasive approaches have flourished, we lack a
granular understanding of the frequency that AF is overlooked
or inadequately treated as a consequence of the approach.
When intervention for AF is undertaken, it may be anywhere
on a spectrum from left atrial appendage (LAA) management
alone, to a complete Cox-Maze. For mini-thoracotomy MV
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surgery, a Cox-Maze can and should be performed. Lee and
colleagues described a minimally invasive Cox-Maze IV (52).
Because the clamp cannot be applied to a cuff of atrial tissue
excluding the left pulmonary veins (PVs), cryoablation lesions
are made to join the roof and floor lines anterior to the left PVs.
In their first report, all sixteen patients with 12-month follow-
up were free from AF recurrence and 81% were off AADs. In
later experience comparing MV surgery patients undergoing
Cox-Maze IV via mini-thoracotomy (n=104) to sternotomy
(n=252), they found no difference in freedom from atrial
arrhythmias in the absence of AADs at 12 and 24 months (53).
Continued similar effectiveness of performing Cox-Maze IV
through sternotomy or right mini-thoracotomy was confirmed
long-term (42).

As previously mentioned, as early as 1996, Dr. Cox reported
cryo-ablation Cox-Maze via right min-thoracotomy. It remains
a well described option during minimally invasive mitral
surgery. Dr. Ad who participated in the earliest procedures and
reports, along with colleagues focusing on complete cryo-lesion
sets have demonstrated equivalence in rhythm outcome for the
Cryo Cox-Maze III via sternotomy or mini-thoracotomy, and
in comparison to the Cox-Maze IV (mainly radiofrequency
with adjunct cryoablation) (39). Their reports include via
right mini-thoracotomy on a fibrillating heart without cross
clamping (54). Techniques for minimally invasive, robotic-
assisted Cox-Maze ablation performed with cryothermal
ablation have been published (55,56).

Minimally invasive aortic valve procedures are
challenging for concomitant Cox-Maze. Non-atriotomy
techniques such as performing pulmonary vein isolation
(PVI) with or without additional left atrial lesions
during concomitant AVR have been described via partial
sternotomy (57,58) and right minithoracotomy (59), with
some approaches permitting only epicardial ablation, which
has inherent challenges to transmurality. In effect, surgical
ablation during minimally invasive aortic valve surgery is
currently limited without a standard approach supported by
safety and effectiveness data.

With the advent of TAVR, patients who otherwise would
be treated for both aortic stenosis and AF may undergo
TAVR only. Recent literature reveals both the substantial
prevalence of preoperative AF in patients undergoing
TAVR and the increased incidence of adverse post-operative
events, including stroke and death (28,29). The pattern
resembles that of open cardiac surgery in relation to AF.
As described above, eventually overwhelming evidence
emerged to show AF should not go untreated when
addressing structural heart disease, at least when surgical.
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B Cox-Maze IV posterior box

Figure 2 Posterior wall box creation in Cox-Maze III (A) and IV procedures (B). Epicardial (top panels) and endocardial (bottom panels) show that

both approaches result in equivalent electrophysiological isolation. Figures used and adapted with permission from Dr. James Cox, MD.

Cox-Maze: pattern and transmurality

It cannot be stressed enough that all the most successful
series whether via sternotomy or minimally invasive
replicate the Cox-Maze in both pattern and transmurality.
The full, biatrial Cox-Maze IV lesion set is depicted in
Figure 1. The Cox-Maze does not exist in a lesser version. In
the absence of transmurality or with any lesion subtracted,
it is not a Cox-Maze. Every lesion must be as transmural as
a well wielded knife. Every lesion must anchor into (cross)
another transmural lesion or nonconducting tissue. The
coronary sinus must be ablated in direct apposition to the
partner myocardial isthmus lesion (60).

Achieving lesion transmurality requires diligence and
attention to detail. When the author asked Dr. Cox how
they determined adequate time of freezing with cryothermy
during the early experience, Dr. Cox replied that they
waited to see freeze-through ice and then waited at least
two minutes longer. Seeing ice form outside the tissue
opposite the probe does not signal a transmural lethal
heat extraction. It simply means the temperature has
reached 0 °C and water vapor in the air is crystalizing. All
the cells must be exposed to a lethal temperature below
=30 °C for at least 30 seconds. The time versus depth relation
of cryothermal lesions is well described (61). Because the time

© AME Surgical Journal. All rights reserved.

dependence varies with myocardial thickness, in the ongoing
ICE-AFIB trial, atrial cryoablation lesions are created with a
minimum freeze time of at least two minutes, with three minutes
for the left atrium and two minutes for the right atrium.

The means of ensuring transmurality with bipolar
radiofrequency has recently been substantially simplified.
Khiabani et #/. working in Dr. Damiano’s lab using
freshly explanted human hearts demonstrated complete
transmurality using the AtriCure Synergy clamp (62).
They compared patterns of energy delivery and found
that administering the radiofrequency energy through
two complete cycles without opening the clamp resulted
in transmurality regardless of the algorithm waveform. If
a lesion set is performed without ensuring transmurality,
it is not a Cox-Maze. With the strength of lesion quality
established using repeat closed clamp technique, it is
reasonable to use only the left atriotomy which connects the
roof and floor lesions to complete the box on the right side
of the posterior left atrium (Figure 1-A2).

Minimal procedural requivements for surgical ablation to

treat AF

The best long-term evidence for return to normal sinus
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rhythm exists for the full Cox-Maze. The pathophysiology
of concomitant AF differs among patients. Evidence
suggests AF secondary to left sided cardiac disease is
predominantly due to left atrial substrate changes (18).
If true, then selective patients could be treated with left
atrial lesions only. The counterbalance being the likelihood
of right atrial disease developing when AF is persistent.
Thus, there is a sliding scale of pathology and persistence
that moves from left side only lesions being adequate to
inadequate. Some will make the argument that right side
lesions may be added later by an electrophysiologist (63),
but it seems a steep trade-off for a few minutes of surgical
treatment. Others claim the need for permanent pacemakers
increases with right side lesions (40), but it rings hollow
when examining the mechanism (64). Importantly, the AF
triggers in left side structural heart disease are not as often
restricted to the ostia of the PVs as for non-valvular AF,
but instead are typically more broadly spread across the left
atrial posterior wall (65,66). As such the minimal treatment
for concomitant paroxysmal AF should be a complete
posterior left atrial box.

PV isolation is indeed integral to the Cox-Maze IV, but
only as components of a complete posterior box, which is
prerequisite for any Cox-Maze (Figure 2). The original Cox-
Maze IV published in 2004 included only an inferior (floor)
line connecting the right and left PV encircling lesions (33).
The superior (roof) line to complete a posterior wall box
was later described by Voeller et al. Subsequent studies
showed long-term freedom from atrial arrhythmias with
or without AADs was significantly improved by complete
posterior wall isolation (67). Absence of a posterior box
lesion was predictive of atrial arrhythmia recurrence or
AAD use at 1 year following ablation in multivariate
analysis, with an odds ratio of 4.5 (68). Posterior wall
isolation is also the premise behind hybrid epicardial-
endocardial strategies for patients with stand-alone AF. The
recent CONVERGE trial showed 68% freedom from atrial
arrhythmias absent new/increased dose of AADs through
12 months in patients with non-paroxysmal AF using the
minimally invasive hybrid convergent procedure to isolate
the PVs and left atrial posterior wall (69). Seventy-four
percent of patients had >90% AF burden reduction at
18 months. The significance is twofold. First, clearly
isolation of the posterior wall is a cornerstone of treatment;
second, limiting the intervention to the posterior wall limits
success. While concomitant paroxysmal AF and perhaps
some early concomitant persistent AF may be adequately
addressed with left side only lesions, AF in patients with
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large right or left atria or long-standing AF should undergo
a complete Cox-Maze.

The scenarios for a posterior box only lesion set arise
as a function of AF progression and surgeon comfort and
perspective regarding added risk. The primary objective
when addressing concomitant paroxysmal AF is exclusion
of the triggers responsible for initiating the paroxysms,
which reside largely in the posterior wall and PV orifices.
Once persistent AF dominates the electrical behavior of
the atria, the need to divide the pathways responsible for
maintenance of AF progresses toward absolute. Given that
the atria are an electrical syncytium, they both should be
treated.

As the surgeon’s familiarity with the Cox-Maze increases,
so does the probability of a complete Cox-Maze, and as
the atrial pathology and AF burden diminish, the extent of
the lesion set may fall. Undeniably the Cox-Maze will best
address current AF pathophysiology and lessen the potential
that further substrate changes will allow for its return
under any circumstances. The reality is that we have little
insight into the extent of atrial myopathy based simply on
AF burden and duration (70). In fact, the time someone has
experienced AF is not always clear. Nonetheless, allowance
must be made to accommodate varying combinations of AF
burden, operative complexity and surgeon expertise. For
paroxysmal and early persistent AF, left side only lesion set is
a reasonable option, especially in the absence of right heart
pathology or pulmonary hypertension. Continued paring
down of lesions will further sacrifice efficacy but again,
may be considered in the context of a given combination
of patient and surgeon. A poorly performed isthmus lesion,
lacking transmurality or a coinciding coronary sinus lesion
will provide substrate for very difficult to manage left atrial
flutter. As such, the isthmus lesions are better left undone
than done inadequately.

As described above, The CONVERGE trial demonstrated
the efficacy of minimally invasive posterior wall ablation
combined with percutaneous PV isolation to treat stand-
alone persistent and long-standing persistent AF (69). The
procedure mimics the electrical consequence of the box
lesions included in the Cox-Maze. As would be predicted,
the outcomes were less than a Cox-Maze, however, they
were adequate to gain FDA approval as the only minimally
invasive and/or percutaneous procedure to address long-
standing persistent AF.

To provide a rapid option for a posterior encircling
lesion including the posterior wall and PVs in a single
device application, the EnCompass clamp* was designed
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for open chest concomitant operations. By sending large
bipolar jaws through the transverse and oblique sinuses
simultaneously, once positioned, closure of the clamp
creates a single loop of transmural bipolar radiofrequency
injury and applies the same algorithm as the Synergy
clamp. In effect, in the same fashion as a cuff of left atrial
tissue is isolated with the PVs during standard bipolar
radiofrequency PVI, the EnCompass isolates the posterior
left atrial wall along with the PVs. The EnCompass serves
as a means of performing the box lesions without opening
the left atrium, and thus lends itself to use when time is of
the essence and/or surgeon preference includes not making
a left atriotomy. Depending on the clinical scenario, it may
have legitimacy for AF from paroxysmal to persistent long-
standing, however effectiveness remains to be evaluated.
When employing box only lesions, it behooves the surgeon
to have established a patient management pathway that
includes electrophysiologists who are willing to interrogate
and add to the lesions over time if needed. In fact, the same
can be said of any surgical ablation not amounting to a Cox-
Maze. Equally important, the surgeon should never indicate
a Cox-Maze was performed unless the entire biatrial
Cox-Maze with isthmus and coronary sinus lesions was
completed.

Evidence for management of the left atrial appendage

The Cox-Maze procedure includes exclusion or elimination
of the LAA, as it is the predominant site of thrombus
formation in AF and has been shown to have arrhythmogenic
activity (71). In 1999, Cox et al. reported on the paucity
of perioperative (0.7%) and strokes that occurred during
long-term follow-up (0.4%, 3 months to 11.5 years) of 306
patients treated with surgical ablation (72). The low incidence
of strokes was attributed to success achieving normal sinus
rhythm. However, it was also hypothesized that removing the
LAA played an important role, as not all patients maintained
sinus rhythm. More recently, the landmark Left Atrial
Appendage Occlusion Study (LAAOS) IIT trial showed that
surgical occlusion of the LAA during concomitant cardiac
surgical procedures in patients with pre-operative AF and
CHA,DS,-VASC >2 significantly reduced ischemic stroke
and systemic embolism, even with continued standard of
care anticoagulation (73). Therefore, management of the
LAA is an important component of surgical treatment
of AF. The method of occlusion is critical to eliminate
communication between the left atrium and LAA. Surgical
suture ligation has proven most problematic. In LAAOS 1,
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the incomplete closure rate was 72% and suture ligation was
not permitted in the subsequent LAAOS II or LAAOS III
trials (74). When follow up imaging has been performed to
assess residual communication or stump >1 cm, substantial
failure rates have been documented for internal suture
closure and stapler exclusion as well (74-77). Diligence to
ensure a well closed LAA is imperative, given incomplete
LAA closure appears to confer greater risk of thrombus
formation and thromboembolism (78-80).

Application of the AtriClip external LAA closure device
during open sternotomy cardiac surgery has been studied
with follow-up cardiac CT angiography and TEE at
3 months. In two clinical trials, 90% of study patients
had follow-up imaging at 3 months, and complete closure
without communication or residual pouch greater than
10 mm was documented in 99% of cases (81,82). Long-
term CT angiography and TEE in trial and registry
patients found 98% closure in 43 patients with a mean
7.1+0.8 years after clip placement (83). Of all studied
modalities for surgical LAA management, the LAA clip
demonstrates the highest efficacy.

The use of an epicardial clip to exclude the LAA during
minimally invasive cryothermal Cox-Maze ablation with
MV repair has also been described (84). Rhee et al. recently
reported on LAA exclusion with an epicardial clip through
minithoracotomy in 181 patients, of whom 81% had
concomitant minimally invasive MV surgery and 84% had
concomitant surgical ablation (85). In 103 patients with
post-operative CT imaging, no residual flow between the
left atrium and LAA was detected in any patient and 92% of
patients had residual stump <10 mm.

Scenarios where surgical AF treatment may be
inappropriate

Surgical scenarios exist during which concomitant surgical
AF treatment should not be undertaken. Large left atrial
size is a predictor of atrial tachyarrhythmia recurrence,
with 8 cm suggested as a threshold leading to at least 50%
recurrence rate (86). Patients with left atrial calcification
are not candidates for surgical AF ablation. Furthermore,
circumstances may arise in which the procedure is not
safe to perform. Though multiple publications led to
society guidelines determining the addition of surgical
AF treatment does not increase risk, some combination of
challenging patient characteristics, procedural complexity,
and surgical expertise will influence how safe it is to proceed
with concomitant AF treatment.
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Ongoing management of AF and concomitant
structural heart disease

AF patients presenting for cardiac surgery must be managed
for the entirety of the cardiac pathophysiology. To unwind
the spiral of pathophysiology, in addition to repairing
the valves, the AF must be dealt with aggressively. Just as
importantly, the treatment of AF for any patient does not
end in the operating room. AF is a chronic progressive
disease, and its return is hastened by inattentiveness to the
medical conditions that conspire to induce it. Patients who
are followed closely and treated for concomitant disorders
are more likely to remain in rhythm (87).

Conclusions

Pre-operative AF in patients undergoing cardiac surgery
and transcatheter structural heart procedures is associated
with negative consequences compared to the absence of
AF. Furthermore, matched comparisons demonstrate that
cardiac surgery patients with AF who have surgical AF
ablation have improved outcomes, without sacrificing peri-
operative safety. The concomitant bi-atrial Cox-Maze is
supported by the most robust evidence. The introduction
of the Cox-Maze IV has led to widespread teaching and
implementation. A Cox-Maze can also be accomplished
with diligent application of cryothermy for all of the
lesions. Depending on the composite of disease burden
and the balance of surgeon skill and operative complexity,
lesser lesions sets may be successfully employed. Every
arrythmia surgeon should have insight into the progression
of substrate modification and burden of AF in lesion
set selection. A left atrial lesion set including posterior
wall—PV box isolation should be prioritized, as well as
complete LAA closure. When performing less than a
biatrial Cox-Maze, the surgeon should not apply the label
Cox-Maze. Lesser lesion sets should be well documented
and electrophysiology colleagues enlisted for potential
subsequent interventions. With increasing minimally
invasive cardiac surgery and transcatheter procedures, the
sequela of pre-operative AF must be weighed in decision
making.
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