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Abstract:


Backround

Atrial Fibrillation is now a pandemic in our ageing community. Although Cox (1987) devised a surgical procedure with near-universal curative success, widespread clinical endorsement has not followed. Meanwhile, catheter-based interventions have flourished. For persistent Atrial Fibrillation (AF), however, an isolated endocardial approach has limitations: procedural times are long, carry risk, and the outcomes are poor. 

Method

By combining left atrial endocardial and epicardial interventions with staged mapping, we optimise the benefits of both approaches. We report our first twenty-five consecutive patients undergoing Totally-Thoracoscopic-Maze procedure (TT), followed at three months by staged electrophysiologic (EP) mapping.  Selected patients had symptomatic, lone atrial fibrillation, of greater than twelve months duration, having failed to revert despite multiple antiarrhythmic agents. 

Results

The mean patient age was 62 years (78% male). The main symptoms observed were palpitations (53%), fatigue (59%), chest pain (20%) and dizziness (23%). A history of transient ischemic attack was recorded in only one patient. There were no major in-hospital complications. Perioperative atrial-fibrillation was observed in only three patients (12%) and, with the institution of antiarrhythmics, all patients achieved sinus-rhythm. 15/25 patients progressed to staged EP mapping.

Conclusions

Our initial series of hybrid ablation for long-standing, persistent atrial fibrillation reports excellent early outcomes, freedom from complications and universal success at early follow up.






Introduction

Although Cox - in 1987 [1,2, 3] - devised a surgical procedure with near universal curative success, it has failed to be adopted into widespread clinical practice. Meanwhile, catheter-based interventions have flourished and become the mainstay of therapy. For persistent AF, an isolated percutaneous endocardial approach, however, has significant limitations: procedural times can be long, the interventions are not without risk and the outcomes are poor despite repeated procedures [4, 5].  By combining left atrial endocardial and epicardial interventions, with staged mapping and additional ablation where required, we combine the benefits of both approaches [6].  This evolving technique also allows for clarification of initial lesion integrity as well as providing critical electrophysiologic feedback to the surgeon, who can refine the primary intervention and progressively improve outcomes.

This report outlines the results of a preliminary series of patients undergoing totally thoracoscopic (TT) hybrid maze, performed by a single surgeon.


Methods

Patient selection

We report the first consecutive twenty-five patients undergoing Totally Thoracoscopic (TT) maze procedure, followed at three months by electrophysiologic 3D mapping using the Boston Rhythmia system with or without additional endocardial ablation.  Selected patients had symptomatic, persistent atrial fibrillation of greater than twelve months duration, having failed to revert despite multiple antiarrhythmic agents (Vaughan -Williams, Class II / class III).  Procedures were performed between November 2017 and August 2019.  Patients were excluded if they had received prior EP intervention or required additional procedures for coronary revascularisation, valvular heart disease, or thoracic surgery.  All patients received preoperative respiratory function testing, transthoracic echocardiography, and a structural heart CT to define pulmonary vein anatomy and to exclude the presence of left atrial thrombus.  The study was approved by local ethics and new procedures committees at all involved hospitals. 

Operative Technique

The procedure was performed under general anaesthesia with a double lumen endotracheal tube and single lung ventilation.  The patient was placed supine with a left retro scapular bolster and external defibrillating plates were positioned anteriorly and posteriorly close to the midline. Arms were positioned on lowered side boards and the shoulders “shrugged” to improve axillary access.  The anaesthetist positioned a right internal jugular line for central venous access and performed a TOE immediately following induction, to exclude left atrial thrombus.

Commencing on the right side, two 12mm ports were placed in the mid axillary fourth intercostal space and the anterior axillary sixth intercostal space, directed towards the pericardium centrally.  A third 5mm port was inserted under videoscopic vision from the second intercostal space, close to the deltopectoral groove.  CO2 insufflation optimised access (7-10 mmHg pressure, 7L/min of flow) tailored to avoid haemodynamic compromise.

Pericardium was incised 2cm anterior to the phrenic nerve, using a combination of scissor and low powered electrocautery dissection, commencing between the aorta and the superior vena cava to avoid right atrial injury.  Two stay sutures were then retrieved via a posterior axillary stab incision. Blunt dissection was performed under direct vision using combinations of trumpet sucker / irrigator, Dolphin Endo dissectors, and an Endo-Peanut (Ethicon), to formalise the oblique and transverse sinuses.  Ablation commenced on the roof using the Cool-Rail device (Atricure inc Westchester, Ohio USA), with eight to ten applications, followed by a similar lesion set to the floor (joining the right and left inferior pulmonary veins).  With a combination of electrocautery and blunt dissection, Sondergaard’s groove was dissected.  The lower 12mm endoport was then removed and a Lumitip Lighted Dissector (AtriCure) was used to carefully navigate behind the right pulmonary veins and break through residual connective tissue at the roof of the oblique sinus. A plastic sleeve, delivered with the device, was retrieved and a red rubber catheter connected to the bipolar synergy clamp (AtriCure) which was guided into position. After seven applications, conduction block was confirmed with a transpolar pen (AtriCure).  The guiding catheter was then directed across the transverse and oblique sinuses and positioned into the left pericardium.  Once haemostasis was secured, the pericardium was reapproximated with a single suture (Auto Stitch, Ethicon).  To complete the right-sided procedure, the lung was re-expanded over a single #24 Blake drain (Ethicon) and connected to an underwater sealed drain.

Left-sided access was facilitated by rotating the patient to the right-hand side and using a more posterior port placement.  Pericardiotomy on this side was performed 1-2cm posterior to the left phrenic nerve.  The guiding catheter was retrieved from the inferior port.  A second catheter was secured to the tail and rail-roaded behind the left pulmonary veins. \Once the port was extracted, the left bipolar clamp was connected and directed into position to complete energy delivery around the left pulmonary veins (seven applications) (Figure 1).  

The Cool-Rail (Atricure) was again introduced and two to three reinforcing lesions performed to connect the roof and floor to the pulmonary veins, and to the base of left auricular appendage.  Testing was then performed to assess for exit block, defined as local capture of an induced signal in the pulmonary veins without conduction to the left atrium.  Additional lesions were applied if required.  After removing the guiding catheter, a measuring apparatus was introduced to determine the correct AtriClip (AtriCure inc) size, which was shaped to engage the appendage and delivered carefully to the base (figure 2). Prior to deployment, echo guidance was used to confirm satisfactory positioning. If the patient reverted to sinus rhythm, directional exit block of the box was also assessed by positioning the multipurpose pen on the posterior left atrial wall and confirming failure of conduction to the atrium.

If the patient remained in AF the left lung was reinflated over a single Blake (Ethicon) drain, the entry sites were closed, and electrical cardioversion performed with escalating energy delivery of 50/100/150 joules as required to achieve sinus rhythm.

Patients were extubated on the table. In the preoperative period antiarrhythmics and anticoagulant medication were recommenced in addition to Spironolactone 25mg b.d. to compensate for loss of the left atrial natriuretic peptide. Colchicine 0.5mg bd was administered to reduce pericardial inflammation and Ibuprofen 400mg b.d. to reduce the systemic inflammatory response, and as an adjunct analgesic.

In the event of in-hospital AF recurrence, patients were DC reverted prior to discharge.  

Staged mapping

Planned electrophysiologic (EP) 3D mapping was performed at the 3-month post-operative interval. Procedures were performed under general anaesthetic with TOE guided transseptal puncture, and assessment of appendage closure. High density voltage and activation maps were then made using the Rhythmia HDx mapping system (Boston Scientific, Marlborough, Massachusetts USA), to determine if there were any gaps in the epicardial lesion set. Where required, ablation was performed to complete lines, with re-mapping post ablation performed to prove electrical block.


 Follow up

Patients were reviewed at 6 weeks, then three, six and twelve months. 24 Hr Holter monitoring was performed at six and twelve months.  For patients in sinus rhythm, antiarrhythmics and anticoagulants were ceased at the six-month interval, unless there were other clinical indications. The follow-up interval range was 90 and 595 days with a mean of 198 days. 

Statistical Analysis

Descriptive statistics were given as percentages with mean and standard deviation for normally distributed variables.  In accordance with 2017 device guidelines, any episode of atrial fibrillation, atrial flutter or atrial tachycardia lasting more than thirty seconds detected after the three-month blanking period by electrocardiography or 24hr continuous Holter monitor was considered a failure.

Results

Baseline Characteristics

The study includes twenty-five patients with long-standing, persistent atrial fibrillation.  Average time since first diagnosis was 41 months (12-144). Mean left atrial indexed volume was 47.5 ml/m2 (34-71) Mean BMI was 30.5 Kg/m2 (23-51) No patients had a history of prior thromboembolic event.  No patient had prior catheter ablation or pacemaker implantation. (Table 1)

In hospital results

There were no major in-hospital complications, including death, stroke or left atrio-oesophageal fistula.   There were no procedural conversions to sternotomy.  Operative time reduced during the series from 280 to 85 minutes with increasing procedural familiarisation.  (Figure 3)   Following treatment, all patients were discharged in sinus rhythm. (Table 2) Post-operative atrial fibrillation occurred in 3 patients (12%) within the 3 months blanking period.

Adverse outcomes included: pleural collections, requiring ultrasound guided drainage (3 patients); urinary retention, requiring repeat urethral catheterisation (1 patient) and hypoxia, requiring supplementary, non-invasive ventilation support greater than 24 hours (2 patients). (Table 2)

Mapping at three months

25 patients (100%) survived to follow up at a mean of 198 days. No patient experienced stroke or TIA. 15 patients underwent post-operative mapping to date at a planned interval of 3-5 months. (Table 3) 10 procedures were still pending.

80% of patients were in sinus rhythm at the time of EP mapping (12/15). One patient experienced right atrial flutter, one patient left atrial flutter and one patient recurrent AF. Therefore the 3 months freedom from AF post TT Maze was 93.3% (14/15). 

While the left pulmonary veins were universally isolated, variable degrees of connectivity were detected in the right superior and right inferior pulmonary veins, as well as the roof and floor lines (Table 4). To ensure good long-term outcome, additional endocardial lesions were delivered to achieve pulmonary vein isolation and completed roof and floor lines, with confirmation of posterior wall isolation using pacing, and high-density mapping (figure 4).  All patients had satisfactory exclusion on TOE of the LAA as well as confirmed electrical isolation. There were no complications following endocardial ablation.

Connections were most common in the roof and floor lines, followed by the right superior pulmonary vein (RSPV), then right inferior pulmonary vein, often with connections in the carina between the right sided veins.  The left sided veins were universally isolated (Table 4). Following staged ablation all but one patient had intact lines (Table 5) (Figure 5).

Rhythm and intermediate term follow up

On completion of the hybrid ablation procedure, all patients were in sinus rhythm.  Over the first three months, no patient experienced a major complication. On questioning, 80% of patients experienced significant symptom relief and 75% of patients claimed significant improvement in quality of life. No patient required a pacemaker. No patient experienced phrenic nerve paralysis (Table 6).

Six months review

At the 6-month interval, 6/18 (33%) of patients had ceased antiarrhythmics drugs (AAD) and 33% of patients were also off anticoagulants (AC).  All patients remained in sinus rhythm.

Final follow up

At final follow up (mean 198 days), freedom from recurrent atrial fibrillation was 100%. 16/25 (64%) of patients were off antiarrhythmic drugs and 19/25 (76%) off antiarrhythmic drugs plus anticoagulant medication, depending on physician discretion.

Discussion

Using a composite strategy of epicardial followed by endocardial ablation, we can ensure excellent efficacy for the TT hybrid maze procedure for patients with long standing, persistent atrial fibrillation.   These results exceed the previously reported series [4, 7]. There were no conversions or major adverse events.  The learning curve did not impact the results.  This outcome is a testament to the benefits of combining the best components of techniques from surgery and electrophysiology to arrive at an effective, minimally invasive solution to the expanding population of patients in atrial fibrillation. 

Published series of catheter alone ablation for AF

Published series of ‘catheter alone’ based procedures to treat persistent atrial fibrillation universally report a success rate of less than 60% [8, 9, 10] The results improve only by 10-15% with repeated ablations [11]. Off antiarrhythmics and anticoagulants, the results fall away with time to as few as 28% [12].   Weerasoorya et al [13] recorded a rate of 63% after five years for a composite group of persistent and paroxysmal patients (51% having repeat ablations). The Hamburg group [14] report a 47% rate at 4.8 years for paroxysmal, however, for long standing persistent at five years, 20% and 45% after single and multiple procedures. Teunissen et al [15] report a success rate of 41% at 4.5 years for long standing persistent AF after multiple procedures.

Surgery alone

Surgery alone is very effective but more invasive and can be associated with complications. Cox et al [16, 17] reports success rates of up to 97% with at a mean follow-up interval of 5.4 year +/- 2.9 years. Niv ad et al [18] reports 77% freedom from recurrence of atrial fibrillation at 2 years.

By combining the most essential Cox maze lesions with advanced percutaneous endocardial high density mapping techniques, this composite fusion of expertise has shown to be extremely effective [11]. Mapping also provides confirmation of lesion success and feedback to the surgeon, allowing modification throughout the conduct of subsequent procedures to further optimise outcomes.

Advantages of a Hybrid procedure

Catheter based procedures are lengthy, lines are often incomplete and where left atrial tissue is thick, infrequently transmural [19].  It is well established that as AF progresses from paroxysmal to persistent, there is increasing importance of the non-pulmonary vein triggers, a change in the substrate of the left atrial tissue, increase in myocardial fibrosis and increase in importance of the tissue within and around the left atrial appendage.  La Meir [10], however, reports 80% freedom form recurrent AF at three years off antiarrhythmics following TT maze, with only 20% of patients requiring touch up endocardial lesions following initial surgery.  Lockwood et al [20] evaluated conduction block across surgical lesions and could demonstrate transmurality on mapping, provided epicardial ablation was repeated multiple times.  

There are several major advantages of this approach. The bipolar clamp is able to compress tissue and use an algorithm to guide lesion delivery and to ensure a transmural lesion. There is a surgical opportunity to debride insulating epicardial fat, which may be involved in the substrate of AF. Lesion integrity can be tested intraoperatively, to allow further delivery if required. Endocardial mapping provides a visual map of the surgical lines, allowing positive feedback, as evidenced in our patients over time. 

Meta-analysis and matched comparisons of hybrid versus catheter ablation have all concluded a significant advantage to the hybrid strategy, albeit with a slightly increased risk of minor complications [8, 11]. Outcomes are significantly improved on and off antiarrhythmic drugs and anticoagulants.  Mahapatra et al. [21] demonstrated 86.7% freedom from recurrence of AF off antiarrhythmic drugs versus 53.3% off anticoagulants at 16 months.  Bisleri [22] reports 88% success at a mean of twenty-eight months off antiarrhythmic drugs.  Budera [23] and Bulava [24] report 79% and 70% respectively at a mean of twelve months. Pison, similarly reports a success rate of 87% [25, 26] at 24 months off AADs.  Richardson [27] reports 71% at twelve months versus 30-58% for catheter ablation over the same interval.

Hybrid vs Surgery alone

The Cox IV lesion set remains the gold standard [2] and relies on sectioning the right and left atrial tissues into components of less than 36 cm2, into which macro re-entrant circuits cannot be propagated.  Electrical impulses can then pass directly from the sino-atrial node to the atrioventricular node via a “maze” without interference, resolving the atrial arrhythmia.  Cox [28] himself has evaluated the hybrid approach via TT maze, concluding that only two of the many lesions cannot be replicated.  These two lesions involve the extensions to the mitral and tricuspid isthmus. However, as both can be reconstituted in the catheter laboratory, the basic principles of the maze procedure are not violated. In the aforementioned work, Cox accepts this abbreviation to the lesion set, with the caveat that it is conducted within a hybrid strategy.

For patients deemed unsuitable for TT maze, we favour a “mini maze”. This procedure is performed via mini right thoracotomy, using neck and groin cannulation for cardiopulmonary bypass and myocardial protection under cross clamp, using Del Nido solution (Baxter)  [29]. Freedom from AF recurrence can exceed 90% at twelve months with over 80% off antiarrhythmic drugs and anticoagulants. In this series, pleasingly, TT maze outcomes match these results.

Significance of incomplete surgical lesions

The ‘roof’ is the site where reconnection was most frequently observed. This position correlates with the high prevalence of epicardial fat.  Therefore, additional lesions here and prior diathermy dissection to expose the left atrial myocardium is recommended.  For larger pulmonary veins, the jaws of the bipolar clamp can be too short for secure containment of all pulmonary veins. Therefore, a second reverse clamp application or supplementary Cool-Rail application will assist in ensuring adequate ablation. Interval mapping, additionally, can declare a surgical lesion incomplete despite the patient remaining in stable sinus rhythm, bringing into question the significance of an incomplete mapping lesion, to which we are currently directing further investigation.

Significance of the Left atrial appendage

Hybrid TT maze also offers the unique advantage of simultaneous exclusion and electrical isolation of the base of the left atrial appendage.  The left atrial appendage is increasingly considered to be an important source of non-pulmonary vein triggers for atrial fibrillation.  It is difficult to electrically isolate with catheter ablation and would require implantation of a LAA occluding device to reduce stroke in a non-functioning LAA. Prior to the AtriClip, the LAA was difficult to excise or exclude fully without significant rates of recannalisation or persistence of electrical activity.  The BELIEF trial reports a reduction in atrial arrhythmias with left atrial isolation (56%-24%) [30].  With effective exclusion, the stroke risk should be reduced.  We note Edgerton [31] who performed isolation without exclusion, reported a retained 8.3% stroke risk.

Complications

The complications reported in this series are infrequent and/or minor.  Importantly, the procedure can effectively quarantine the posterior mediastinum, significantly reducing the potentially lethal complication of left atrio-oesophageal fistula. (Table 2)

Limitations

This is a single surgeon, single centre experience with small numbers and short term follow up.  Implantable loop recorders could be used to increase ambulatory monitoring, but it is noted that all patients had symptoms when in AF. 

Conclusion

This series of hybrid ablation for long standing, persistent atrial fibrillation reports excellent early outcomes with significant symptom relief, freedom from complications and universal exclusion/electrical isolation of left auricular appendage.  The low complication rate is also testament to the safety of the procedure. The opportunity to apply additional endocardial lesions at an interval after ablation lines have matured, further elevates the success of the hybrid strategy in this series to 100% and should provide long term durable sinus rhythm.  Further follow up will be conducted to determine the intermediate and long-term success of the procedure.
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Figure 2 – Application of the Atriclip to isolate the left atrial appendage
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Figure 3 - The learning curve: sequential procedure durations.

[image: ]Learning Curve Trend During Sequence of Trial



























Figure 4
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Left image: Voltage map of the left atrium, looking from posterior, pre endocardial ablation. Grey represents low voltage, so no conduction into the pulmonary veins. Colour scale from purple to red, show healthy voltage. There is some conduction across the roof, near the right superior vein, with CS pacing, into the posterior wall of left atrium. White balls represent the ablation lesions that were then delivered, along the roof.
Right image: Voltage map post endocardial ablation along the roof, with CS pacing showing no conduction into the posterior wall. Grey represents low voltage (no conduction into pulmonary veins and posterior box isolated).

Figure 5 – Initial vs Final Mapping Isolation Success




Table 1 -  Baseline Characteristics

	Parameter

	Range / number
	Mean / %

	Age at inclusion (years)
	44-77 
	61.6

	Male gender
	23/25 
	92%

	BMI (kg/m2)
	23-51 
	30.5

	Classification
	
	

	   LS Persistent
	25 
	100%

	Duration of AF (months)
	12-180 
	40.5

	LV Ejection Fraction
	
	

	   40-50
	14 
	56%

	   >50
	11 
	44%

	LA volume index(ml/m2)
	28-67 
	47.5

	CHADS score
	
	

	   0
	7
	28%

	   1
	10
	40%

	   2
	5
	20%

	   3
	2
	8%

	   4
	1
	4%

	Major Antiarrhythmic
	
	

	   Amiodarone
	20
	80%

	   Sotalol
	7
	28%

	Anticoagulant
	
	

	   Apixaban
	16
	64%

	   Dabigatran
	1
	4%

	   Rivaroxaban
	8 
	32%

	Ablation Therapy
	
	

	   Prior AF Ablation
	0
	0

	   Prior AFL Ablation
	2
	8%

	Surgical therapy
	
	

	   Prior cardiac surgery
	0
	0

	   Prior thoracic surgery
	0
	0


  BMI Body mass index	LV Left Ventricle	AFL Atrial Flutter


Table 2 – In-Hospital Results

	
	Number
	Mean/%

	Mortality
	0
	0

	Conversion to Sternotomy
	0
	0

	TIA / CVA
	0
	0

	Operation Time (Mins)
	85-240 mins
	115 (Mean)

	SR post mapping
	15/15
	100%

	In-hospital recc AF
	3
	12%

	PPM
	0
	0

	LOS (Days)
	2-6 days
	3.3 days

	Readmission within 30 days
	2
	8%

	Pleural collection req drainage
	3
	12%

	Reoperation for bleeding
	0
	0

	Phrenic nerve palsy
	0
	0

	Atrio-oesophageal fistula
	0
	0


TIA Transient ischaemic Attack	CVA Cerebro vascular accident	SR Sinus Rhythm
PPM Permanent Pacemaker	LOS Length of Stay	



Table 3 – Cardiac Rhythm at presentation for staged mapping


	
	NUMBER
	PERCENTAGE

	Sinus rhythm at beginning of procedure
	12
	80.0%

	LA flutter at beginning of procedure
	1
	6.7%

	RA flutter at beginning of procedure
	1
	6.7%

	AF at beginning of procedure
	1
	6.7%

	SR at end of procedure
	15
	100.0%

	TOTAL
	15
	100.0%


LA Left Atrial	RA Right Atrial







Table 4 – Reconnection sites (Refer supplementary diagram 1 )


	
	SITE 1 (%)
	SITE 2 (%)
	SITE 3 (%)
	SITE 4 (%)

	SITE
	
	
	
	

	LSPV
	0 (0%)
	0 (0%)
	0 (0%)
	0 (0%)

	LIPV
	[bookmark: _Hlk19818098]0 (0%)
	0 (0%)
	0 (0%)
	0 (0%)

	RSPV
	0 (0%)
	1 (6.7%)
	3 (20.0%)
	2 (13.3%)

	RIPV
	1 (6.7%)
	0 (0%)
	[bookmark: _Hlk19817983]0 (0%)
	1 (6.7%)

	ROOF
	5 (33.3%)
	7 (46.7%)
	9 (60.0%)
	8 (53.3%)

	FLOOR
	2 (13.3%)
	4 (26.7%)
	6 (40.0%)
	56(40.0%)


LSPV Left superior Pulmpnary Vein	LIPV Left Inferior Pulmonary Vein	
RSPV Right SuperiorPumonary Vein	RIPV Right Inferior Pulmonary Vein
Table 4 (Supplementary diagram 1 –Reconnection sites).
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Table 5 – 3 Month EP testing results.

	[bookmark: _Hlk19860644]3 Month EP Testing 
	Connected
	Isolated
	Success
	Success

	14 patients
	
	
	Pre ablation
	Post Ablation

	LSPV
	0
	15
	100%
	100%

	LIPV
	0
	15
	100%
	100%

	RSPV
	6
	9
	73%
	100%

	RIPV
	1
	15
	93%
	100%

	ROOF
	7
	8
	40%
	93%

	FLOOR
	5
	10
	46%
	100%















Table 6 – Complications

	
	Total (N=25)
	%

	Mortality
	0
	0

	Conversion to Sternotomy
	0
	0

	TIA / CVA
	0
	0

	Operation Time (Mins)
	85-240 mins
	105 (mean)

	SR post mapping
	25
	100

	In-hospital recc AF
	3
	12

	PPM
	0
	0

	LOS (Days)
	2-6
	3.3 (days)

	Readmission within 30 days
	2
	8

	Pleural collection req drainage
	3
	12

	Reoperation for bleeding
	0
	0

	Phrenic nerve palsy
	0
	0

	Atrio-oesophageal fistula
	0
	0
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