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Abstract

Atrial fibrillation (AF) is
the most common cardiac
arrhythmia, resulting in significant
morbidity and mortality, and
enormous socio-economic
consequences. Though many
surgical procedures exist for
the treatment of AF, the Cox-
Maze IV procedure developed
at Washington University has
shown excellent long-term results
in diverse patient populations.
Furthermore, advances in
preoperative diagnostic
technology currently under
investigation at our institution
may allow for further refinement
and individualization of the
surgical treatment of AF in the
future.

Introduction

Atrial fibrillation (AF) is the most
common of all cardiac arrhythmias,
affecting nearly 4.5 million people in
the European Union and 2.2 million
people in the United States alone.
The risk of thromboembolism with
resultant stroke, the most serious
complication of AF, is increased
three- to five-fold in these patients.
Significant morbidity and mortality also
result from hemodynamic compromise
due to loss of atrial contraction,
exacerbations of congestive heart
failure from atrio-ventricular

asynchrony, and tachycardia-induced

cardiomyopathy. As a result, AF has
an enormous socio-economic impact.
Because the incidence of AF increases
with age, AF is expected to become an
even larger public health burden as the

country’s general population ages.

Classification
of Atrial Fibrillation

The most commonly used
classification system for atrial
fibrillation is that published jointly
by the American Heart Association,
the American College of Cardiology,
and the Heart Rhythm Society
(HRS)." In this system, AF is defined
as either paroxysmal or persistent,
and it is considered recurrent if
a patient has had two or more
episodes. If recurrent AF terminates
spontaneously, it is designated
paroxysmal. If it is sustained beyond
seven days, it is termed persistent.
Patients with AF that has lasted longer
than one year are labeled as having
long-standing AF. Importantly, the
definitions of paroxysmal, persistent
and long-standing AF do not imply
a specific mechanism, and human
mapping data from our laboratory
and others have not shown significant
differences in mechanism between
paroxysmal and persistent AF.

Electrophysiology
of Atrial Fibrillation
Atrial fibrillation is characterized

by the irregular activation of the
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atria and an accompanying irregular ventricular response.
Several activation patterns may underlie this pathology,
including focal drivers and single reentrant circuits acting
on vulnerable substrates.” Perpetuation of AF may also

be maintained in a disorganized fashion by “multip]e
wavelets,” representing numerous simultaneous functional
reentrant circuits.’

In order for reentry to be maintained, an impulse
must traverse the entire circuit slowly enough for the early
areas of activation to regain excitability. The area of tissue
required to support a particular reentrant circuit is known
as the “critical mass.” The critical mass hypothesis states
that a certain minimal amount of atrial tissue is required
for the induction and maintenance of AF. In vitro and
in vivo studies from our laboratory support this model
and have shown that the probability of sustained AF is
dependent on atrial tissue width and weight, conduction
velocity (CV), the length of the refractory period (RP), and
increasing atrial surface area.’

Further aberrancies in atrial conduction that help
maintain AF may result from electrical and structural
remodeling. Such changes include alterations in ion
channels, gap junction channels (connexins) and tissue
structure. Increased atrial fibrosis from remodeling, which
occurs with congestive heart failure and with aging, results
in inhomogeneities in conduction and enhanced tissue
anisotropy, which can markedly slow CV.

Specific mechanisms responsible for AF in individual
patients Change over time, and intraoperative mapping data
from our laboratory have shown that the source of AF is
variable in almost half of patients, even moving from one
atrium to the other.” Surgical treatment of AF is intended
to alter the geometry and anatomy needed to support

fibrillation, regardless of the mechanism.

Indications for Surgical Ablation
of Atrial Fibrillation

While there remains controversy over the relative roles
of catheter-based and surgical ablation in patients with
medically-refractory lone AF, a recent consensus statement
endorses the indication for surgical ablation of AF in the
following patient subgroups:'

1) all symptomatic AF patients undergoing other
cardiac surgery;

2) selected asymptomatic AF patients undergoing
cardiac surgery in which the ablation can be performed
with minimal additional risk; and

3) symptomatic AF patients who prefer a surgical

approach, have failed one or more attempts at catheter
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ablation, or are not candidates for catheter ablation. Thus,
surgery is a complimentary, rather than a competitive,
approach to catheter ablation.

There are also relative indications for surgery that
were not included in the consensus statement. The
first is the presence of a contraindication to long-term
anticoagulation in patients with persistent AF and a high
risk for stroke. The risk of stroke with a CHADS score >2
is 4% per year off anticoagulation.’ In contrast, the stroke
rate following the Cox-Maze procedure off anticoagulation
has been remarkably low (annual risk = 0.2%).

Finally, surgical treatment for AF with amputation
of the left atrial appendage should also be considered in
high-risk patients with persistent AF and a documented
cerebrovascular event while on therapeutic anticoagulation.
Anticoagulation with coumadin reduces the risk of
ischemic and hemorrhagic strokes by more than 60%
in patients with AF but does not completely eliminate
this serious complication. At our institution, 20% of
patients who underwent the Cox-Maze III procedure had
experienced at least one episode of significant cerebral
thromboembolism preoperatively. Less than 1% of patients
(2 of 306) had a late stroke after a mean follow-up of 3.8
* 3.0 years, even with 90% of patients off anticoagulation

at last follow-up.*

Development of the Cox-Maze Procedure

James Cox, MD, introduced the Cox-Maze procedure
at Washington University in 1987. It was developed to
interrupt the multiple macro-reentrant circuits that were
felt to cause AF. Unlike previous procedures, the Cox-
Maze procedure successfully restored both AV synchrony
and sinus rhythm, thereby significantly reducing the
risk of thromboembolism, stroke, and hemodynamic
compromise.” The operation consisted of biatrial surgical
incisions placed so that the sinoatrial node could still
direct the propagation of the sinus impulse, allowing most
of the atrial myocardium to be activated and resulting in
preservation of atrial transport function in most patients
(See Figure 1).°

The first versions of the Cox-Maze procedure were
complicated by late chronotropic incompetence resulting
in a high incidence of pacemaker implantation, as well as
significant surgical complexity. The third iteration, the
Cox-Maze III procedure, became the gold standard for the
surgical treatment of AF (See Figure 2). However, it failed
to gain widespread acceptance due to technical difficulty,
and significantly prolonged time on cardiopulmonary
bypass. During the last decade, most groups have replaced
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Figure 1
The original maze operation was conceptualized as a
pattern of surgical incisions that would prevent atrial
fibrillation by blocking macro re-entrant circuits while
still allowing propagation of a sinus impulse. Both atrial
appendages were excised, and the pulmonary veins
were isolated. AVN = Atrioventricular node; LAA = left
atrial appendage; PVs = pulmonary veins; RAA = right
atrial appendage; SAN = sinoatrial node.

Surgical Results: Cox-Maze Procedure
The Cox-Maze III procedure has had
excellent long-term results. In our series, 97%
of 198 consecutive patients who underwent the
procedure were free from symptomatic AF at
a mean follow-up of 5.4 years. There was no
difference in the cure rates between patients
undergoing a stand-alone Cox-Maze procedure
and those undergoing concomitant procedures.®
Our results with the Cox-Maze IV
procedure have been encouraging as well. A
recent prospective trial from our institution
followed 100 consecutive patients undergoing
a stand-alone procedure between January
2002 and May 2010." The mean follow-up
was 17 %10 months, and enrolled patients
had paroxysmal (31%), persistent (6%) and
longstanding persistent (63%) AF. This study
demonstrated postoperative freedom from
atrial tachyarrhythmias (ATAs) of 93%, 90%,

and 90% at six, twelve, and twenty-four

Figure 2
The lesion set of the traditional cut-and-sew Cox-Maze Il operation.

months, respectively. Freedom from ATAs off
antiarrhythmic drugs was 82%, 82% and 84% at
the same time points. In a group of 282 patients
at our institution, the majority of whom had a
Cox-Maze 1V procedure with concomitant cardiac
surgery, the results were similar with a freedom
from ATAs of 89%, 93% and 89% at three, six,
and twelve months, respectively.'' These studies
are difficult to compare to the prior Cox-Maze III
results due to more stringent follow-up, though
a propensity analysis demonstrated no significant
difference in the freedom from ATAs at three, six,
and twelve months between the Cox-Maze I1I and
IV groups. 12

The Cox-Maze IV procedure is performed

the traditional “cut-and-sew” lesions with ablation lines
created using various energy sources in an attempt to make
the operation simpler and faster to perform. In 2002,

our group introduced the Cox-Maze IV operation, which
uses a combination of bipolar radiofrequency ablation and
cryoablation to effectively replace the majority of incisions
of the Cox-Maze III (See Figures 3 and 4). These ablation-
assisted procedures have resulted in widespread adoption
of the Cox-Maze and a significant increase in the number of
AF operations performed annually. *

on cardiopulmonary bypass using either a median

sternotomy, often in combination with other cardiac
surgery, or a less-invasive right minithoracotomy (See
Figure 5). The Cox-Maze IV procedure had significantly
shorter mean cross-clamp times for a lone Cox-Maze (41
* 13 minutes) compared to a Cox-Maze III (93 * 34
minutes, p < 0.001)." In those undergoing the Cox-Maze
procedure concomitantly with another cardiac operation,
cross clamp time was reduced from 122 *+ 37 to 92 * 37
minutes (p < 0.005)."

In our experience, risk factors for late recurrence of

AF at one year have included enlarged left atrial diameter,
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Figure 3

complete the ablation lines at the tricuspid valve annulus.

Illustration of the right atrial lesion set of the Cox-Maze IV procedure. Bipolar
radiofrequency ablation is indicated by the white lines. Cryoablation is used to

been performed from both an endocardial and
epicardial approach, and have utilized many
different ablation technologies. All of these
procedures have incorporated at least some
subset of the left atrial lesion set of the Cox-
Maze procedure, and most have attempted to
electrically isolate the pulmonary veins.

Although results have been variable, the
value of left atrial lesion sets in maintaining
sinus rhythm has been documented in the
literature. While studies generally have
demonstrated inferior results to those
previously reported for the complete biatrial
Cox-Maze lesion set, it is important to note that
even a more limited left atrial lesion set proved
superior to no intervention for patients with AF
in a prospective, randomized study."*

There have been no randomized trials

comparing biatrial versus left atrial ablation

Figure 4
Illustration of the
left atrial lesion set
of the Cox-Maze IV
procedure. Bipolar
radiofrequency
ablation is indicated
by the white lines.
Cryoablation is
used to complete
the ablation line

at the mitral valve
annulus.

in the surgical population. As a result, the
importance of the right atrial lesions of the
Cox-Maze procedure is difficult to define.
Although some evidence suggests a left atrial
lesion set is as effective as a biatrial lesion
set in patients with chronic AF undergoing
concomitant open-heart procedures,'®
other studies have not been as promising.'®
In one large metaanalysis of over 5,000
patients, patients who underwent biatrial
ablation demonstrated superior freedom
from atrial fibrillation at all time points."”
These results are not surprising, as our
intraoperative mapping experience in

patients referred for surgery showed a

failure to isolate the entire posterior left atrium, and early
atrial tachyarrhythmias.!" Increasing left atrial size has been
related to operative failure in several studies, and our group
has clearly demonstrated that the probability of recurrence
exceeds 50% once left atrial diameter is greater than 8

cm.'! Early atrial tachyarrhythmias were also associated
with recurrence, and it is thought that these might be a
marker of more advanced pathology of the atrial substrate in

patients with AF of long duration.

Surgical Results: Other Atrial Fibrillation
Procedures Left Atrial Lesion Sets
There are a wide range of procedures that incorporate

only left-sided atrial lesions. Left atrial lesion sets have
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stable origin of AF in the left atrium only
30% of the time. AF originated in the right
atrium 129% of the time, and moved during the recording
period in almost half of all patients.*

Of the specific left atrial lesions of the Cox-Maze
procedure, it is difficult to determine the precise
importance of each particular ablation. Several studies
have shown the importance of the left atrial isthmus
lesion in maintaining sinus rhythm."*'” Moreover, we have
demonstrated the importance of a “box” lesion around the
pulmonary veins, with failure to isolate the entire posterior
left atrium resulting in higher recurrence rates of AE."!
Therefore, most of the left atrial Cox-Maze lesion set is
likely needed to ensure a high success rate. It must also be

kept in mind that recurrent right atrial flutter or tachycardia



Figure 5

Picture demonstrating the healed incision sites of the minimally-
invasive right minithoracotomy approach used when performing a lone
Cox-Maze IV procedure.

Figure 6
Picture of a patient undergoing ECGI. The ECGI vest uses 250
body-surface electrodes to represent over 800 epicardial sites.
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is a well-known complication of performing only

the left atrial lesions. If the left atrial isthmus line is
incomplete or omitted, patients are also at risk for late
left atrial flutter.

Pulmonary Vein Isolation
Pulmonary Vein Isolation (PVI) is an attractive
treatment option, since it can be performed quickly
and does not require cardiopulmonary bypass. In
lone AF, PVI can be executed via a minithoracotomy
or a totally thoracoscopic approach. Electrical
isolation of the pulmonary veins can be performed
around the right and left pulmonary veins individually,
with or without a connecting lesion between the
two individual lesions, or as a box isolation of the
entire posterior left atrium. Although a variety of
energy sources have been used successfully in PVI,
our institution favors bipolar RF clamps for this
procedure. The problem with the unipolar energy
sources has been their inability to reliably create
transmural lesions on the beating heart.”

Although this approach has its benefits, the
results of PVI have been variable. While most of
the triggers for paroxysmal AF originate around the
pulmonary veins, over 30% of triggers originate
elsewhere.”" Thus, the success of PVI has proven
to be highly dependent on patient selection.
Although some studies have reported success rates
ranging anywhere from 65-919% in mixed patient
populations, these studies are limited by small sample
size and limited follow-up.*>** Encouraging results
have been demonstrated in patients with paroxysmal
AF, with one study reporting 82% freedom from
AF at six months with 74% off antiarrhythmic
drugs, and another reporting 88% freedom from
AF at one year without antiarrhythmic drugs when
PVI was combined with GP ablation.** In patients
with longstanding persistent AF, PVI has been less
successful, with success rates as low as 35% freedom
from AF and antiarrhythmic drugs at six months
in one study.”” With concomitant procedures, the
success rate of PVI is even lower, with one study
reporting 61% freedom from AF, and only 17%
freedom from antiarrhythmic drugs in the setting of
mitral valve discase.”® These results highlight the need
to fully understand the electrophysiological substrate
of AF in order to perform an optimal operation for
any individual patient.
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Ganglionated Plexus Ablation

Electrophysiologic studies have demonstrated that
local autonomic ganglia in ganglionated plexi clustered
in the epicardia] fat pads p]ay a role in the initiation and
maintenance of AE*” Both pulmonary vein myocardial
sleeves and adjacent atrial muscle are innervated by these
plexi. As a result, some surgeons have added GP ablation to
pulmonary vein isolation in hopes of increasing procedural
efficacy. Some of the initial surgical results have been
encouraging. One study of GP ablation combined with
catheter PVI in 74 patients with lone AF demonstrated 91%
freedom from AF after a relatively short median follow-up
of five months.”” However, there have not been any direct
comparisons as part of randomized clinical trials, and other
groups have demonstrated much worse efficacy.

Moreover, the effects of vagal denervation and the
long-term efficacy of GP ablation have not been clearly
defined. Experimental evidence in our laboratory and
others has demonstrated recovery of autonomic function
in as few as four weeks after GP ablation. It is worrisome
that reinnervation may not be homogeneous and could
result in a more arrhythmogenic substrate. In another
report using left atrial GP ablation alone to treat 19 patients
with paroxysmal AF, fourteen of these patients (74%) had
recurrent AF during one-year follow-up.”® Due to these
suboptimal results and the lack of any long-term follow-up
demonstrating the efficacy of GP ablation, our practice is
not to perform GP ablation to treat AF. GP ablation should

be reserved for centers participating in clinical trials.

Future Directions in Atrial Fibrillation Surgery

Although it has become less invasive, the Cox-Maze IV
still requires cardiopulmonary bypass. Additionally, there
are certain populations, such as those with enlarged atria,
that have unacceptably high postoperative failure rates.
Novel developments in diagnostic and surgical techniques
are addressing these issues using patient-specific and
minimally-invasive approaches. Ideally, such refinements
will preserve normal atrial physiology, incur minimal
morbidity, and achieve high success rates in curing AF.

In the decades since the introduction of the Cox-Maze
procedure, it has been proposed that a “critical mass”
of tissue is requisite for fibrillation. However, deducing
the electrophysiologic parameters necessary to define
the “critical mass” in any given patient has presented a
challenge. Because epicardial activation mapping, the
traditional gold standard for mapping of AF, is both invasive
and time-consuming, a new method of multipoint mapping

known as electrocardiographic imaging (ECGI) is currently
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being evaluated. ECGI uses body surface potential mapping
to obtain patient-specific heart-torso geometry and create
maps of individual cardiac electrophysiologic activation
(See Figure 6).*” With this information, the critical mass
of tissue needed to sustain AF in an individual patient
could be calculated, allowing a surgeon to create a novel
patient-specific procedure to theoretically cure AF.

The development of new ablation technologies has
introduced the possibility of novel surgical techniques
that can be performed through small incisions without the
need for cardiopulmonary bypass. As discussed previously,
there is strong evidence that PVI performed epicardially
on the beating heart may be effective in a subset of
patients with paroxysmal AF. Using minimal access
techniques, a novel lincar lesion set that uses RF ablation
to mimic most of the left atrial lesions of the Cox-Maze
procedure on the epicardial surface has been described,
and has shown promising results at both six and twelve
months.”” Although current literature is scarce, two-stage
hybrid procedures that combine PVI and resection of the
left atrial appendage via a minimally invasive approach
with either concomitant or delayed endocardial catheter-
based ablation in the area of the biatrial isthmus lines
are being performed at some institutions. However,
present ablation technology remains unreliable at creating
transmural linear lesions on the beating heart.”” This is a

major limitation of these new procedures.

Conclusion

Surgical treatment of AF has been performed for over
two decades, and has excellent efficacy. Recent advances
in ablation technology have revolutionized the field and
allowed for the development of simpler and less invasive
approaches. The results of the Cox-Maze procedure
done with ablation technology have been excellent in all
patient subgroups. Success rates in other centers for more
limited left atrial lesion sets, pulmonary vein isolation, and
ganglionated plexus ablation have shown some promise,
but have demonstrated suboptimal results in many
patient populations. Future advances may be anticipated
with improved devices, or by new techniques that allow
surgeons and electrophysiologists to obtain reproducible
complete lines of block. Moreover, the use of more
sophisticated preoperative diagnostic technology may
allow for a better definition of the underlying mechanisms
of AF, and allow for a more rational selection of surgical

ablation procedure for each patient.
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