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Abstract
Surgical treatment for cardiac arrhythmias was initiated in 1968 with the first successful surgical 
division of an accessory atrioventricular connection for the Wolff-Parkinson-White Syndrome. 
Subsequent surgical procedures were the left atrial isolation procedure and the right atrial isolation 
procedure for the automatic atrial tachycardias, corridor procedure and the Maze procedure, 
developed by James Cox, to cure atrial fibrillation. More, the right ventricular disconnection 
for arrhythmogenic right ventricular tachycardia, the encircling endocardial ventriculotomy, 
transitional procedures and the Dor procedure for ischemic ventricular tachycardia should be 
mentioned. Nowadays, due to the significant improvements of the endovascular percutaneous 
ablations, the Maze IV, thoracoscopic surgical pulmonary isolation and the Dor procedure remain 
the most performed surgical interventions. The last four decades of research in the field of cardiac 
arrhythmia surgery provided the basis and source of knowledge for the development of these 
transcatheter techniques and hybrid approaches. 

Alberto Pozzoli1, Ottavio Alfieri1, Paolo Della Bella2 and Patrizio Mazzone2*
1Department of Heart Surgery, San Raffaele University Hospital, Italy

2Department of Arrhythmia and Electrophysiology Laboratories, San Raffaele University Hospital, Italy

Introduction
Preamble

During the past 35 years, surgery has played a pivotal role in the elucidation of the anatomic 
and electrophysiological abnormalities causing cardiac tachyarrhythmias. The development of 
electrophysiological cardiac mapping and the surgical techniques which followed provided the 
knowledge to cure the majority of pharmacologic refractory arrhythmias. This knowledge mainly 
derived from the approaches to Wolff-Parkinson-White syndrome and to the atrioventricular 
nodal reentry tachycardia [1]. Despite the exponential progress in interventional electrophysiology, 
arrhythmia surgery remains fundamental into the 21st century. The first extensive electrophysiological 
mapping of human atrial fibrillation (AF) and the subsequent development of the Maze procedure 
(late ‘80s) to cure AF was a miliar stone for the surgical and cardiovascular treatment of all cardiac 
arrhythmias [2-4].

Wolff-Parkinson White Syndrome
Gaskell was the first to demonstrate that electrical activity propagated from the atrium to the 

ventricle via myocardial tissue rather than nerves, reported within his studies on the turtle heart 
in 1883 [5]. Thereafter was Kent to identify accessory atrioventricular connections responsible for 
the WPW syndrome (“Kent bundles”) [6]. The conduction system of the heart was characterized 
in a systematical analysis in 1906 in Germany (atrioventricular node, His bundle, bundle branches 
and the Purkinje system).It was with Dirk Durrer in 1967, in Amsterdam, that was performed the 
first intraoperative mapping in a patient with the WPW syndrome, he demonstrated electrical 
conduction across the atrioventricular groove in the region of ventricular pre excitation [7]. The 
same year Dr. Howard Burchell of the Mayo Clinic was able to abolish ventricular pre excitation by 
injecting procaineamide into the AV groove, at that site [8]. However, the first surgical attempt was 
made in 1968 at the Duke University, the successful division of a right free-wall accessory pathway 
[9]. There was literally an explosion of surgical procedures to divide accessory pathways during 
the ‘80s (more than thousands per year). However, they become very shortly history of arrhythmia 
surgery after the introduction of the radiofrequency catheter techniques in 1990.

Atrioventricular Nodal Reentry Tachycardia
Prior to 1982, the only available surgical therapy for refractory atrioventricular nodal reentry 

tachycardia was the interruption of His bundle, protecting the ventricles from the AV node reentry, 
but requiring permanent pacemaker implantation due to advanced blocks [10]. Likewise WPW, 
the subsequent advent in 1982 of the trans catheter radiofrequency fulguration of the AV node 
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immediately replaced the open-heart surgical method.

Automatic Atrial Tachycardia
These tachycardias have a focal origin and are due to automaticity, 

they are not deriving from a mechanism of reentry. The right atrium 
or left atrium is the most common foci. At the very beginning of this 
specialty, the intraoperative anesthesia was so strong to suppress 
the onset of these automatic atrial arrhythmias. Therefore, it was 
impossible to perform a precise surgical intervention. The only 
available approach was to blindly ablate the atrioventricular node in 
association to the His bundle and insert a ventricular pacemaker. It 
was Williams to understand the possibility to confine this automaticity 
to the left atrium, isolating it from the right atrium and the ventricles, 
without imparing the physiological atrio-ventricular function. The 
left atrial isolation was eventually performed after experimental 
studies on humans and reported for the first time in 1980 [11]. This 
study was fundamental as an essential step towards the development 
of the Maze procedure. In particular, the authors understood the 
essential role of the coronary sinus in the atrioventricular conduction, 
because its walls are themselves made of conductive fibers (not 
only surrounded by), becoming a mandatory target to achieve the 
complete isolation of the left atrium. It provided also the evidence 
that physiologic cardiac output is maintained if the right atrium and 
the right ventricle beat synchronized. During the ‘80s, the general 
improvements in anesthesia techniques and the development of 
computerized intraoperative mapping systems made it possible to 
map the sites of origin of automatic atrial tachycardias [12]. From 
a patho physiological standpoint, most of these supraventricular 
arrhythmias are multicentric also on the right, requiring the isolation 
of the entire atrium sparing the sinus node.

Non ischemic Ventricular Tachycardia
The vast majority of non-ischemic ventricular tachycardias are 

caused by congenitalarrhythmogenic right ventricular dysplasia, 
firstly described by Fontaine and Guiraudonin 1979 [13]. Clinically, 
patients have sustained ventricular tachycardia originating from 
one or more injured areas of the right ventricle, impairing the right 
ventricular function. The pioneeristic experimental analyses of James 
Cox and coworkers were again the very first to study this pathologic 
condition [14]. After some initial attempts on the right ventricular 
outflow tract, they performed an isolation of the free wall of right 
ventricle, guided by mapping, to confine this insidious arrhythmia 

within the ventricular wall itself, with the rest of the heart being 
able to contract in sinus rhythm. Only a small series of patients 
was treated, because the advent of heart transplantations and of 
implantable defibrillators eliminated this dramatic approach, after 
1985. The physiology learned from this operation contributed to a 
better understanding of the interplay between the right ventricle, the 
septum, and the left ventricle in patients with heart failure.

Ischemic Ventricular Tachyarrhythmias
The reentrant basis of ischemic ventricular tachyarrhythmias, due 

to myocardial ischemic injuries, was confirmed by the experimental 
studies made by Cox and colleagues [15,16]. The advent of myocardial 
revascularization during the ‘60s was expected to improve the 
myocardial ischemia and so far, the ventricular arrhythmia. Simple 
resection of damaged myocardium and/or the revascularization 
alone were not able to cure or even control the ventricular 
tachycardia, resulting in excessive operative mortality [17]. The lack 
of knowledge in the genesis and perpetuation of ischemic ventricular 
tachyarrhythmia was particularly evident at that time. Several groups 
began to approach the problem in a more direct surgical manner. In 
1969, Cox’s group and Kaiser and colleagues independently reported 
intraoperative mapping to localize the area of ischemic injury [18]. 
The first attempts to ablate in the area of the tachycardia guided 
by intraoperative mapping were done in 1975 by Wittig and by 
Gallagher [19,20]. After Guiraudon, who reported in five patients 
the encircling endocardialventriculotomy, it was Josephson to 
describe the endocardial resection procedure, from which derived 
the mainstay for the surgical management till mid-1980s, when new 
surgical resection and repair of left ventricular aneurysms, reshaping 
the ventricle, came out [21-23]. The functional improvement of the 
left ventricle was excellent when compared to the technique of simply 
resecting the aneurysm and closing the ventricle. In particular, this 
approach was able to cure ischemic ventricular tachycardia without 
the need for intraoperative mapping. Nowadays, the interventional 
catheter techniques provide good outcomes without being too 
invasive [24].

Atrial Fibrillation
Atrial fibrillation is associated with significant morbidity and 

mortality due to its three detrimental sequelae and symptoms, which 
are not trivial: 

•	 Irregularly irregular heartbeat, which causes patient 
discomfort and anxiety

•	 Loss of synchronous atrioventricular contraction, impairing 
hemodynamics and leading to different degrees of congestive heart 
failure

•	 Stasis of blood flow in the left atrium, which increases the 
vulnerability to thrombo embolisms.

Although the ventricular response rate can usually be controlled 
medically, it is important to recognize that the atria are still 
fibrillating, and therefore, the detrimental sequelae associated with 
AF persist. However, in many patients the pharmacologic therapy 
results suboptimal and several surgical procedures were introduced 
in the 1980s to ablate AF. After the left a trial isolation procedure 
Scheinman introduced in 1982 the catheter fulguration of the 
His bundle as a means of controlling the irregular cardiac rhythm 
associated any kind of refractory supraventricular tachyarrhythmias 
[25]. Catheter fulguration was eventually abandoned, favoring less 

Figure 1: Maze IV ablative biatrial lesion set.
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traumatic radiofrequency techniques which are still used nowadays. 
However, this approach requires the insertion of a permanent 
ventricular pacemaker, which restores a physiologic ventricular 
rhythm while the atria are fibrillating. Obviously, this procedure 
is suboptimal and does not prevent the hemodynamic impairment 
due to loss of atrioventricular synchrony and thromboembolisms. In 
1985, Guiraudon and coworkers described the corridor procedure 
for the treatment of AF, an open-heart technique that isolated a strip 
of atrial septum (the “corridor”) which included the sinoatrial node 
and the atrioventricular node, thus allowing the sinus node to pace 
the ventricles [26]. Meanwhile both the atria continued to fibrillate, 
isolated from the septal corridor and loosing the atrioventricular 
synchrony. This technique was soon abandoned due to its intrinsic 
limitations. In this cultural context, the experimental studies on the 
canine models performed by Dr. Cox tested several lesion sets to 
understand the response of both the atria. One of the first attempts 
was to isolate the posterior wall of the left atrium and the orifices 
of the four pulmonary veins (PVs) from the rest of the heart, with 
a long incision. The final result was not effective as expected, but it 
had particular relevance since many years later, 1998, Haissaguerre 
documented here the origin of paroxysmal AF. It was evident at that 
time that the surgical cure of AF would require a more complete 
understanding of the underlying electrophysiology. However, 
these studies showed the three mechanisms essential to understand 

supraventricular arrhythmias:

•	 A portion of atrial muscle harboring one or more macro-
reentrant circuits

•	 The passive atrial conduction in the portions close to the 
macro-reentrant circuit(s)

•	 The role of the atrioventricular node for the atrioventricular 
conduction.

These three electrophysiological characteristics define a spectrum 
of atrial arrhythmias, extending from atrial flutter, through several 
forms of transitional arrhythmias, to permanent AF [27]. The Maze 
concept was developed in the laboratory at Washington University, 
St Louis, to provide the surgical treatment of AF. The real objective 
of the Maze procedure can be described as creating atrial lesions 
that preclude the ability of the atria to fibrillate by preventing the 
possibility of macro-reentrant circuits formation. After several 
experimental attempts, Cox developed the Maze I and II, but they 
were too complex to be performed from a technical standpoint and 
the decreased left atrial contraction was an issue. The modifications 
of these techniques ended in the Maze III procedure which soon 
became the surgical technique of choice for the cure of refractory 
atrial flutter and AF [27-29]. Between 1987 and1992, more than 30 
patients had the Maze I procedure while only 15 patients had the 
Maze II procedure. From then on, due to the reasons mentioned 
before, the Maze III became the standard of care and more than 300 
patients had undergone the Maze III procedure for the treatment 
of atrial flutter and/or AF. The operative mortality rate was around 
3%. The most common complications following the Maze procedure 
were the postoperative arrhythmias, usually atrial flutter or AF, 
which occurred in 37% of patients. The careful closure of the left 
atrial appendage during the procedure was an essential surgical step, 
to abate the risk of postoperative strokes. In fact, one of the benefits 
of the Maze is that it essentially abolishes the strokes associated 
with AF. The long-term stroke rate following the Maze procedure 
is 0.1% per year [30]. Overall, 15% of patients required pacemakers 
postoperatively, mostly due to sick sinus syndrome (abnormal 
sinoatrial nodes “unmasked” by eliminating the patient’s AF). The 
long-term follow-up of these patients revealed a 15-year cure rate of 
over 95% and other groups that have adhered to the concept of the 
Maze achieved similar results [31-33]. Groups that have chosen to 
modify the procedure without following the concepts of the Maze 
procedure have suffered poorer results [4,34]. Overall, the need for 
postoperative pacemakers is higher when the procedures were done 
in full sternotomy, owing to extensive dissections, in comparison to 
the rate observed with the minimally invasive approach, reported in 
2000 employing cryoenergy [32,35]. Despite the obvious efficacy of 
the Maze procedure, it has never been widely adopted by surgeons 
and cardiologists because of its complexity. In 2004, Damiano and 
coworkers replaced most of the incisions originally done in the Maze 
III procedure with cryoenergy and bipolar radiofrequency, developing 
the so-called ablative Maze IV (Figure 1). This technique was faster, 
simpler and it was possible a minimally invasive approach without 
decreasing the efficacy [36]. These ablation-assisted procedures have 
greatly expanded the field of AF surgery in the past decade, expecially 
the treatment of AF concomitant to structural valve disease [37].
However, nowadays several ablation technologies exist, each with 
its consequent advantages and disadvantages. Whatever the ablative 
technology, it must meet the bidirectional conduction block across 
the line of the ablative lesion as primary endpoint, becoming the 

Figure 2: Electrophysiological findings and ablations. Pulmonary vein gaps 
leading to reconnection treated with re isolation and sinus rhythm restoration.

Figure 3: Left atrial lesion set performed with unipolar radiofrequency 
concomitant to mitral valve disease. The initial left atrial lesion set included 
encircling of the pulmonary veins, a single interpulmonary line and two linear 
ablations towards the appendage and the mitral annulus.
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benchmark for technology validation [38-40]. The laboratories of Dr. 
Damiano showed that a transmural lesion is required, because even 
small gaps in ablation lines (Figure 2) can conduct both sinus and 
fibrillatory impulses, leading to reconnections [41]. Since the Maze 
IV incorporates the lesions of the Cox-Maze III, the clinical results 
showed that this modified procedure has significantly shortened 
operative time while maintaining the high success rate of the original 
Cox-Maze III procedure and normalizing the left ventricular function 
in every patient affected by tachycardiomyopathy [42-43]. The late 
outcomes of the Cox Maze IV remain good after 5 years, around 80% 
with the use of antiarrhythmics. More, the type of preoperative AF or 
the addition of a concomitant procedure did not affect late success. 
These results remain superior to those reported for catheter ablation 
and other forms of surgical ablation, especially for patients with 
persistent or long-standing AF [44].

Significant Contributions to Atrial 
Fibrillation Surgery by Japanese Surgeons
Cryoenergy Maze II procedure

In Japan, Kosakai et al. modified the original Maze II procedure 
using cryoablation instead of several cut-and-sew incision lines. This 
Maze procedure was introduced in 1992, the first Maze procedure 
in Japan. The authors demonstrated high efficacy for eliminating 
persistent AF associated with mitral valve disease; the rate of 
elimination of persistent AF at that time using this strategy reported 
by authors was, at least at the very beginning, around80% [3].

Left atrial Maze procedure and PVs box isolation
Sueda et al. reported the efficacy of the left atrial Maze procedure 

for treating persistent AF associated with solitary mitral valve disease 
[45]. The authors performed the left atrial Maze procedure consisting 
of whole isolation of the PVs and cryoablation towards the mitral 
valve isthmus and orifice of the left atrial appendage with excision 
of the left atrial appendage for mitral valve disease. This procedure, 
when combined with tricuspid isthmus cryoablation, is effective for 
preventing atrial flutter and eliminating persistent AF associated with 
both mitral and tricuspid valvular disease [45]. Because common atrial 
flutter via the right atrial isthmus is a risk factor after treatment with 
the left atrial Maze procedure, ablation should be administered at the 
right atrial isthmus to prevent further postoperative atrial flutter. This 
combined procedure was named the mini-Maze procedure by Cox 
and was nearly as effective as the full-Maze procedure for managing 
longstanding persistent AF.

Ablative Strategies to Treat Atrial Fibrillation 
Concomitant to Valve Surgery

Largely because of the availability of the radiofrequency catheters 
and the initial reports of Haissaguerre’s reports, heart surgeons were 
inspired to use the radiofrequency catheters intraoperatively, to 
ablateendo/epicardially (Figure 3) the AF in patients who were already 
undergoing surgery for mitral valve disease [3,46-47]. However, the 
ablative lesions were frequently not transmural, thereby offering at 
best only a temporary electrical efficacy, with a significant failure rate. 
The ablative devices designed to solely encircle the PVs, even when 
completely transmural, had efficacy in around 50% of the patients 
with AF. The best scenario to approach AF concomitant to mitral 
valve surgery is when the maze concept, at least on the left atrium, 
is performed (Figure 4). Nowadays, excellent ablative devices such 
as bipolar radiofrequency and cryoenergy, rather than the old cut-
and-sew technique, permit to avoid suture lines in the posterior left 

atrium. This surgical technique presently adds around 20 minutes to 
the overall procedure maintaining similar efficacy in patients with or 
without mitral valve or other cardiac disease.

Thoracoscopic Surgical PVs Isolation for 
Paroxysmal Lone Atrial Fibrillation

The technical difficulty of achieving transmural electrical 
isolation hampers the results of transcatheter PVs isolation, 
especially long-term success, and in one third of the patients, more 
than one procedure is required to obtain stable sinus rhythm [48].
Minimally invasive surgical PVs isolation was introduced in 2005 as 
an alternative to transcatheter procedures [49]. The surgical approach 
has the advantage of being less technically demanding than a 
conventional full Maze open-chest operation, delivering a continuous 
lesion with bipolar radiofrequency in the setting of epicardial, off-
pump ablation. This technique has rapidly evolved to a complete 
thoracoscopic procedure. Short- and mid-term results of Surgical 
PVI have shown promising results, with around 70% freedom from 
AF and AAD after a single procedure [50]. Unfortunately, the current 
literature reports a large variety in patient selection, lesion sets and 
the long-term outcomes remain largely unknown. We showed that at 
long-term follow-up, freedom from recurrent AF without the use of 
AADs was 69% and freedom from recurrent AF with AAD was 84% 
in patients with paroxysmal AF undergoing surgical PVs isolation. 
No unforeseen late complications were detected [51]. This study 
showed slightly better results in a ‘lone’ paroxysmal AF population 
and demonstrated that the previously reported results are maintained 
at long-term follow-up. The use of bipolar radiofrequency ablation 
clamp (integrating an automatic transmurality algorithm with 
impedance feedback) and systematic verification of exit block offer 
certainty regarding effective isolation of the PVs, even in the thickest 
region surrounding PVs.

Final Thoughts
The contribution of arrhythmia surgery to the electrophysiological 

knowledge of cardiac arrhythmias is absolutely remarkable. All that 
we know today has been precisely documented more than 30 years 
ago, by the pioneeristic experimental studies of Dr. James Cox 
at Washington University, in Saint Louis. He and his coworkers 
provided, developed and eventually performed almost all the 
treatments for cardiac arrhythmias. The advent of catheters has taken 
great advantage from all these studies, trying to replicate the lesion 

Figure 4: Unipolar and bipolar radiofrequency catheters to perform surgical 
ablations.
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sets proposed, most of the time simplifying them, according to the 
different pathologies. Nowadays, arrhythmia surgery for “standalone” 
procedures (thoracoscopic PVs isolation and Maze IV) is surely 
limited by invasivity in comparison to catheters. More, the lack of the 
ideal energy source, yielding complete transmurality when applied 
epicardially on the beating heart (heat sinking of the circulating 
blood), is limiting its widespread application and confining it to very 
selected cases of highly symptomatic lone AF. Arrhythmia surgery 
is much more adopted for the treatment of concomitant AF to 
valvular disease (mitral more than aortic).In the future, as we learn 
more about the mechanisms of AF and develop improved diagnostic 
technologies capable of precisely locating the areas responsible for 
arrhythmias, it will become easier to tailor specific lesion sets and 
adopt the right energy sources to individual patients. The advent 
of hybrid procedures and the Arrhytmia team in which surgeons 
and electrophysiologists work together for the perfect ablative lines 
is surely the key. The technological improvements of transcatheter 
ablative technologies and the mapping systems will likewise boost 
this complex and fascinating field.
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