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Abstract

:

The outcomes of persistent atrial fibrillation (AF) ablation are modest with various adjunctive strategies beyond pulmonary vein isolation (PVI) yielding largely disappointing results in randomised controlled trials. Linear ablation is a commonly employed adjunct strategy but is limited by difficulty in achieving durable bidirectional block, particularly at the mitral isthmus. Epicardial connections play a role in AF initiation and perpetuation. The ligament of Marshall has been implicated as a source of AF triggers and is known to harbour sympathetic and parasympathetic nerve fibres that contribute to AF perpetuation. Ethanol infusion into the Vein of Marshall, a remnant of the superior vena cava and key component of the ligament of Marshall, may eliminate these AF triggers and can facilitate the ease of obtaining durable mitral isthmus block. While early trials have demonstrated the potential of Vein of Marshall ‘ethanolisation’ to reduce arrhythmia recurrence after persistent AF ablation, further randomised trials are needed to fully determine the potential long-term outcome benefits afforded by this technique.
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1. Introduction


Atrial fibrillation (AF) is the most common cardiac arrhythmia globally with a twofold increase in prevalence predicted over the next 50 years, at which point approximately 17.9 million adults will be living with the condition [1]. As a management strategy, catheter ablation has been shown to be superior to anti-arrhythmic drugs and is associated with a significant reduction in AF burden [2,3], a parameter strongly associated with hard clinical endpoints including stroke, cardiovascular hospitalization and mortality [4,5,6]. Pulmonary vein isolation (PVI) alone is an effective treatment in the paroxysmal AF cohort with high single procedure success rates of up to 90% achievable with optimised workflows [7]. Replicating these results in the persistent AF population has been difficult, with single procedure success rates of 50–60% at one year [8,9,10,11,12]. In these patients, progressive remodelling distant to the pulmonary veins has prompted the evaluation of several strategies of adjunct ablation beyond PVI, with relatively disappointing results in randomised trials [9,10,11,12,13,14]. Linear ablation at the left atrial roof and mitral isthmus represents a commonly employed adjunctive strategy for persistent AF. One of its drawbacks, perhaps partly reflecting the underwhelming results in randomised trials, is the difficulty in achieving durable bidirectional block across ablated lines, particularly at the mitral isthmus [9].



The Vein of Marshall (VoM) is an embryological remnant of the superior vena cava that has been has been implicated as a potential source of AF triggers and is known to harbour sympathetic and parasympathetic nerve fibres that play a significant role in the pathogenesis and maintenance of AF [15,16]. Ethanol infusion of this vein during AF ablation may eliminate these triggers and may facilitate mitral isthmus block, given its anatomic location at the mitral isthmus [17], potentially overcoming one of the main challenges with adjunct linear ablation. Promising results have been demonstrated in the Venus randomised trial of persistent AF ablation with significantly higher arrhythmia-free survival demonstrated in those receiving concomitant VoM ‘ethanolisation’ [18]. In this review, we outline the anatomy and technique for ethanolisation of the VoM and provide an overview of the literature detailing its use in atrial fibrillation and tachycardia (AT) ablation.




2. Anatomy and Electrophysiology of Vein of Marshall


2.1. Anatomical Considerations


The ligament of Marshall (LoM) was first described in 1850 by Marshall [19]. A vestigial fold resulting from embryological regression of the left anterior cardinal vein [20], the LoM traverses the epicardial surface of the left lateral ridge between the left atrial appendage and the left pulmonary veins. Within this recess, the Vein of Marshall or the left atrial oblique vein runs over the posterior left atrium towards the left superior pulmonary vein, and drains into the great cardiac vein at the point where it becomes the coronary sinus (CS) [21].



In adults, the LoM comprises the VoM and the Marshall bundle (MB), a muscular band which runs alongside autonomic nerves [22] and can be considered as an electroanatomical pathway linking the left lateral ridge and the muscle sleeve of the CS. Muscular connections are well described in histopathological studies between the LoM and the CS musculature proximally, and the atrial and pulmonary vein myocardium more distally [23]. These connections to the left atrium (LA) are most frequently observed close to the CS and more distally at the left pulmonary veins. An in vivo mapping study demonstrated that the majority of 72 patients studied had multiple MB–LA connections. Furthermore, fractionated MB electrograms noted were recorded during AF in those with multiple connections [24]. These connections may also have a role in atrial electrophysiology in sinus rhythm and were demonstrated to contribute to normal LA activation in a canine mapping study [25].



In addition to the muscle bundles described above, the LoM is richly innervated. In an early canine study in 1972, left cardiac sympathetic stimulation induced an ectopic atrial rhythm from the region of the LoM [26]. A subsequent study of post-mortem human hearts confirmed the presence of sympathetic fibres on tyrosine hydroxylase staining [27], the distribution of which tends to be most prominent distally in the LoM near the LA-pulmonary vein junctions [23]. Conversely, parasympathetic fibres are most dense at the CS junction, becoming less predominant more distally in the LoM [23]. In line with this, in a canine model, a lower voltage threshold for induction of AF using high-frequency-stimulation was seen proximally in the LoM, increasing distally [28]. These effects were inhibited by the administration of esmelol and atropine and highlight a potential LoM mediated, autonomic basis for AF initiation. In a further canine study, attenuation in vagally-mediated ERP shortening was demonstrated post ablation of the LoM, again suggesting the functional relevance of the structure to atrial electrophysiology [16]. The LoM/VoM may also provide a connection between intrathoracic cardiac ganglia and intrinsic cardiac nerves which tend to cluster in ganglia near the pulmonary veins, in particular, the inferior left ganglion is closely aligned with the VoM [20]. A 2014 study demonstrated the elimination of local intrinsic cardiac nerve responses post VoM ethanol infusion and the utility of the VoM as a vascular route for therapies targeting these intrinsic ganglia [29].




2.2. Role of VoM in ATA


These richly innervated electroanatomic connections implicate the LoM/VoM as a potential therapeutic target in treatment of atrial fibrillation and atrial tachycardia (AT), with a well-documented role as both a source of AF triggers as well as an important structure for perpetuation of macro re-entrant atrial tachycardia. A computerised mapping study using canine tissue implicated the LoM as a source of spontaneous atrial activity, with ablation of the LoM eliminating this ectopy and resultant degeneration to AF [30]. Furthermore, in humans, rapid discharges from the LoM can initiate paroxysms of AF, with termination of AF demonstrated after ablation at the insertion site of the VoM [31,32]. In addition to AF triggers, the muscle bundles present in the LoM may serve as critical components of macro re-entrant peri-mitral flutter, the most common AT seen post AF ablation [33,34]. A prior optical mapping study demonstrated slow, non-decremental conduction within these bundles, with induction of macro re-entrant AT seen in the setting of conduction block across CS–LA connections [35]. Additionally, a 2019 clinical study of 199 LA tachycardias post AF ablation demonstrated the involvement of the MB network in up to 29% of macro re-entrant ATs as well as in localised re-entry circuits [36]. The same authors have identified several criteria for MB-related perimitral AT including a percentage of total cycle length mapped at <90% and a PPI–TCL <20 ms at the VoM and the left atrial appendage and pulmonary vein ridge [37].





3. Targeting the LoM and VoM in Atrial Arrhythmia


3.1. Conventional Ablation


Elimination of arrhythmogenic MBs may be possible with endocardial RF ablation. The MB lies within 3 mm of the endocardial surface of the left lateral ridge [37] and is closest to the endocardium inferior to the ostium of the left inferior pulmonary vein [38]. Using a CS angiogram to locate the VoM, Hwang et al. have described the technique for ablation MB signals, using a 1.5 Fr quadripolar catheter inserted into the VoM to guide the site of endocardial ablation [32,38]. Ablation at 30 W eliminated MB potentials in >90%, but residual potentials at the ‘thicker’ left atrial appendage/pulmonary vein ridge, can be difficult to fully eliminate endocardially [38]. More recently, Kashimura et al. describe a 70% success rate of MB isolation using RF ablation endocardially and within the CS, guided by a VoM catheter as above [39].




3.2. VoM Ethanol Infusion


Failure to isolate the MB endocardially relates to anatomic distance from the endocardial surface and the presence of overlying fat. Similarly, difficulty in achieving bidirectional block endocardially at the mitral isthmus is well documented and relates to tissue thickness, anatomic variations and the presence of isthmi and cavities [40,41,42]. As such, ethanol infusion into the VoM, to ablate the area of LA endocardium it drains, was proposed to overcome these challenges and as a more effective method of eliminating MB triggers for AF. In 2009, Valderrabano first outlined the feasibility of cannulation and ethanol delivery to the VoMs of dogs, with elimination of vagally-mediated ERP shortening post infusion [43]. In humans, an early study of 14 patients undergoing PVI demonstrated the communication of the VoM with the underlying LA myocardium and the feasibility of ethanol infusion into the vein with resultant creation of a low voltage area in the region drained by the VoM [44].





4. Evidence for Clinical Benefit for VoM/LoM Ablation


4.1. Atrial Fibrillation


As mentioned above, small animal and human studies have demonstrated termination of AF with ablation at the LoM/VoM [30,31,32]. During AF ablation, VoM ethanolisation may increase rates of first-pass isolation of the left pulmonary veins and reduce the incidence of acute reconnection, as demonstrated in a recent study by Huang et al. [45]. Regarding long-term outcomes, in recent years VoM ethanolisation has been evaluated as an adjunct strategy in patients undergoing catheter ablation for predominantly persistent AF. A single centre study of 61 patients undergoing repeat ablation for recurrent AF or AT, demonstrated VoM mediated epicardial connections in reconnected left inferior pulmonary veins, with re-isolation demonstrated post VoM ethanolisation, although this was somewhat dependent on VoM anatomy [46]. In this study, 8 of 54 patients with successful VoM ethanolisation had recurrent arrythmia at 6 months (2 with AF and 6 with atrial flutters). A 2019 non-randomised study compared outcomes between patients undergoing AF ablation, predominantly as a redo procedure, with substrate ablation and VoM ethanol infusion, to those undergoing PVI plus substrate ablation and PVI alone [47]. While only 13% of patients in this study received VoM ethanol infusion, on multivariate analysis it was identified as an independent predictor of freedom from recurrent arrhythmia.



In 2020, Valderrábano et al. reported on outcomes of the VENUS multicentre randomised trial of adjunctive VoM ethanolisation in first-time persistent AF ablation [18]. Patients were randomised to catheter ablation alone (n = 158) versus catheter ablation plus VoM ethanol infusion (n = 185). Successful VoM infusion was performed in 155 of 185 patients. At 6- and 12-month follow-up, a significantly higher freedom from recurrent atrial tachyarrhythmia was observed in patients who underwent VoM ethanol infusion compared to those who had not (p = 0.04), with peri-mitral block a significant predictor of post-procedural success [48]. It is important to highlight that rates of arrhythmia-free survival were modest, however (65.2% vs. 53.8%), and the presence of significant additional substrate ablation in both study groups limits the capacity to accurately determine the added value of VoM ethanol infusion.



A 2022 meta-analysis of six studies, including 1337 patients, addressed the value of adjunct VoM ethanolisation in persistent AF on long-term outcome [49]. The authors reported improved arrhythmia free survival with adjunct VoM ethanolisation versus standard ablation, with a similar safety profile. Interestingly, this study suggested that study sample size may have a positive impact on outcome, findings supported by sub analysis of the Venus trial, suggesting that better long-term outcomes are achievable in high-volume centres, reflecting the learning curve associated with the technique.



In 2019, Pambrun et al. reported the results of a series of 10 patients undergoing the ‘Marshall Plan’ ablation strategy for persistent AF, a structured end-point driven lesion set consisting of PVI and linear ablation at the mitral isthmus (facilitated by VoM ethanolisation) roof and cavotricuspid isthmus [50]. The lesion set was achieved in all patients and although procedure times were long at an average of 270 min, all patients were free from recurrence at 6 months. Following from this, Pambrun et al. published their ongoing experience with the ‘Marshall Plan’ strategy in 75 consecutive patients with persistent AF [51]. VoM ethanolisation was achieved in 92% and the full lesion set in 91%. At one year, single procedure success rates were 72% without anti arrhythmic drugs and 79% in those with successful VoM ethanolisation. In a further non randomised study in 2021, Liu et al. evaluated the effects of adding VoM ethanolisation to the ‘2C3L’ (two circle, 3 line) ablation strategy consisting of the above-mentioned lesion set (PVI, mitral isthmus, roof and CTI ablation) in 191 persistent AF patients [52]. At 12-month follow-up, significantly more patients undergoing the ‘upgraded’ approach with VoM ethanol infusion were free from recurrence compared to those undergoing the standard lesion set with RF only (87.9 vs. 64.8%, p < 0.001).



Two randomised controlled trials evaluating the identical ‘Marshall Plan’ and ‘upgraded 2C3L’ strategies are currently ongoing. Preliminary 10 month results of the single-centre randomised study of the Marshall plan vs. PVI alone in 120 persistent AF patients were presented in 2023 and documented significantly higher success rates in those receiving the Marhsall plan lesion set (87 vs. 70%) [53]; 12-month outcomes are awaited. Additionally, the PROMPT-AF multicentre randomised trial will recruit 498 persistent AF patients to either the upgraded 2C3L approach vs. PVI only, and compare freedom from recurrence at 12 months [54]. The results of these studies will shed additional light on the potential benefit afforded by adjunct VoM in the challenging persistent AF population.




4.2. Mitral Isthmus Ablation


While more data on long-term outcomes in AF are needed, there is no doubt that VoM ethanol infusion facilitates effective mitral isthmus block, perhaps reflecting the greatest additional benefit afforded by the technique. Significantly higher rates of acute mitral isthmus block (98.7% vs. 63.6%) were demonstrated in a comparative study of 262 patients undergoing adjunct VoM vs. RF only ablation, with higher rates of persistent block seen at repeat procedure [55]. Additionally, a 2020 study of 103 patients presenting with perimetral flutter post prior AF ablation demonstrated higher rates of acute mitral isthmus block with a reduction in the duration of RF ablation needed to achieve AT termination and block, further translating into less recurrence on midterm follow-up [56]. These findings were echoed by a 2023 meta-analysis of 9 studies, including 2508 patients that compared adjunct VoM to catheter ablation alone, and reported significantly higher rates of acute bidirectional block at the mitral isthmus (p = 0.0007) with lower rates of recurrent AT and AF post blanking period (p = 0.008) [17].



A small randomised study by Gillis et al. from 2021 underscored the above and highlighted the importance of the timing of VoM in the sequence of ablation, with a reduction in the amount of RF applications needed to achieve acute block when VoM ethanol infusion was performed as a first step [57]. These findings were further emphasised in a recent study by Du et al., whereby empirical VoM before catheter ablation at the mitral isthmus resulted in a lower endocardial ablation time and greater long-term AT free survival than when it was performed after failure of endocardial ablation to achieve block [58].



In addition to facilitating mitral isthmus block, it has been postulated that VoM ethanolisation may also facilitate left atrial posterior wall ablation through elimination of epicardial connections not accessible with endocardial ablation [59]; nevertheless, Ishimura et al. failed to demonstrate an additional benefit for VoM infusion in 417 patients undergoing posterior wall ablation in a recent comparative study [60].





5. Technique for VoM Ethanol Infusion


The technique for VoM ethanol ablation is now well established. The protocol employed in our centre has been previously described [57] and reflects a standardised approach for VoM cannulation and ethanol delivery [46,61]. We perform VoM ethanolisation for first-time or repeat persistent AF ablation. This is performed as a first-step in the procedure, as evidence suggests preceding RF ablation within the CS may result in lower rates of VoM visualisation [57]. The CS is cannulated via the femoral vein using a steerable sheath (Agilis NxT steerable introducer, Abbott). A left internal mammary artery (IMA) angioplasty catheter is advanced through the Agilis sheath into the distal CS, with the tip facing superiorly. Contrast injection via the IMA catheter while withdrawing the catheter proximally in the CS allows for identification of the VoM (Figure 1). Additional right anterior oblique (RAO) views may be helpful in the case of difficulty in identifying the VoM. The valve of Vieussens may be a useful landmark and may be seen within 1 cm distal to the VoM [62,63] in up to 63% of cases [64]. Once the VoM is identified, an angioplasty balloon (Sprinter, 2.0 × 6 mm; Medtronic - Minneapolis, MN, USA) is advanced over a wire (Marvel guide wire, Boston Scientific- Marlborough, MA, USA) and inflated to 2–3 atm to occlude the VoM. Contrast injections through the balloon are used to confirm occlusion and the need for repositioning in the case of leak. Once satisfactory occlusion is achieved, 3 × 3 mL infusions of 98% ethanol over 1 min are administered into the occluded VoM, with contrast injections in between infusions to ensure the integrity of the VoM. Once completed, a voltage map of the LA is made for assessment of the resultant scar to guide the placement of endocardial lesions to achieve mitral isthmus block (Figure 2 and Figure 3). Further additional lesions within the coronary sinus may also be required to achieve block, both on the ‘anchored wall’ facing the left atrium, and, in case of persistent failure to achieve block, on the free wall [65].



5.1. Complications and Pitfalls of VoM Ethanol Infusion


A large single centre study of 713 consecutive patients treated with VoM ethanol infusion reports a high feasibility rate with successful ethanol delivery in 88% of patients after a first attempt. In this study, failure of VoM infusion was attributable to non-identification or non-cannulation of the VoM, infusion of ethanol in the wrong vein and CS dissection or VoM perforation. A smaller area of VoM-related scarring post successful infusion was noted in the setting of a VoM with no branches, VoM dissection and mechanical leakage. The latter two situations were seen less frequently with increasing operator experience and can be overcome by avoidance of overinflation of the balloon and too-distal advancement of the wire in the case of dissection, and distal repositioning of the balloon in the case of leakage. Regarding complications in this series, 14 patients (2%) had a serious complication in line with complication rates for AF ablation in general [66]. Cardiac tamponade occurred in 1%, this tended to occur late and was serous in nature suggesting an inflammatory reaction secondary to ethanol extravasation into the pericardial space [64]. This led the authors to conclude that, in cases of VoM, perforation anti-inflammatory drugs and follow-up echocardiography should be considered. Anaphylactic shock occurred in 3 patients which should prompt a high index of suspicion of this occurrence in the event of unexplained haemodynamic collapse.



A 2019 study of patient-related complications post VoM ethanol infusion reported a relatively high rate of contrast extravasation into the pericardial space, at 22.7% of 88 patients studied [67]. All these related from capillary rupture during infusion and were associated with trivial pericardial effusion not requiring intervention, except in the case of two patients who developed more significant effusions. A subsequent 2023 report described a case of very delayed pericarditis with significant effusion 6 months post VoM ethanolisation, highlighting the need for rigorous follow-up for at least 6 months post ablation [68].



A 2022 study reported on the single centre experience with VoM infusion over a 3-year period [69]. This study reports a feasibility rate of 90% and highlights the learning curve associated with the technique with an increase in success rates with reduction in procedure and fluoroscopy times over the study period. They noted a relatively high rate of delayed tamponade at 3.1%.



In contrast, a 2019 comparative study of 254 patients undergoing AF ablation reported similar complication rates between those undergoing VOM ethanol infusion in addition to PVI versus those not [47]. A 2021 metanalysis of 10 studies including 1322 patients reported a feasibility rate of 86.7% [70]. Again, pericardial effusion and tamponade were the most frequently observed complications, with 9 tamponades in 644 patients. Nevertheless, in line with the above-mentioned comparative study, the safety profile was not significantly different in those receiving VoM ethanolisation as adjunct to catheter ablation vs. ablation alone.




5.2. Potential Indications for VoM Ethanol Infusion


In our centre, VoM ethanol infusion is performed as part of a mitral linear lesion set in the following settings:




	
For first-time persistent AF ablation if an advanced AF substrate is suspected, as per the criteria employed in the Close Maze study (left atrial diameter > 45 mm, left atrial volume > 100 mls or non-self-terminating AF) [3]



	
At redo AF ablation (a) for recurrent persistent AF or (b) for recurrent paroxysmal AF when the pulmonary veins remain isolated (as part of the ongoing VEIN-AF randomised trial lesion set)



	
For atrial tachycardia involving the mitral isthmus








In all cases, VoM ethanol infusion is never performed without also completing mitral isthmus block.





6. What Next: Challenges to VoM Ethanol Infusion


VoM ethanol ablation has become increasingly employed worldwide, with favourable signals regarding longer term outcomes for persistent AF, a traditionally challenging group in whom various adjunct strategies have repeatedly disappointed in the randomised setting. It is important to note, however, that while its feasibility outside high volume settings has been demonstrated, the learning curve and the possibility of higher complication rates is an important consideration when choosing to adopt this technique [71]. Moreover, considerably lengthy procedure times with a comprehensive VoM strategy (often in excess of 4 h) and significantly higher fluoroscopy doses should not be discounted [51].



A potential challenge to the future of the strategy may take the form of pulsed field ablation (PFA). This novel non-thermal form of energy delivery has demonstrated promise for fast and effective lesion creation for PVI, with perhaps the greatest potential benefit related to its excellent safety profile regarding collateral tissue injury [72,73,74,75]. More recently, adjunct posterior wall ablation and linear lesion sets at the roof and mitral isthmus have proven feasible and fast, using PFA with high rates of durability in small studies [76,77,78]. Should larger studies continue to support a role for PFA in the creation of linear lesions, particularly at the mitral ithmus, with an enhanced safety profile and shorter procedure times on its side, it would call into question the future of VOM ethanolisation. Nevertheless, the ability of PFA to adequately ablate the epicardial structures often responsible for perpetuation of AF and residual conduction across isthmi has yet to be established. Further randomised controlled trials are needed to answer these important questions.




7. Conclusions


VoM ethanol infusion is a promising technique that has shown consistent benefit in the achievement of durable mitral isthmus block, a considerable challenge when performing linear ablation in this difficult region. This durability has translated into promising early data emerging from studies incorporating the technique into an extensive endpoint driven lesion set for persistent AF patients and may also relate to autonomic effects and elimination of AF triggers. The technical complexities of the technique, with longer procedure and fluoroscopy times, merit consideration and, in parallel, the performance of PFA for linear ablation at the mitral isthmus may present a challenge to the future viability of the technique. Further randomised controlled trials are needed before advocation for widespread use.
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