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Abstract

The Ligament of Marshall (LOM) is a remnant of the embryonic sinus venosus and the left cardinal vein, containing a combination of
fat, fibrous tissue, blood vessels, muscle bundles, nerve fibers, and ganglia. Various muscular connections exist between the LOM and
the left atrium (LA) and the coronary sinus (CS). The LOM is richly innervated by autonomic nerves, with ganglion cells distributed
around it. The unique characteristics of the LOM are responsible for generating focal electrical activities and enable it to serve as a
substrate for micro- and macro-reentrant circuits. This, in turn, leads to the initiation and perpetuation of atrial fibrillation (AF) and
atrial tachycardia (AT). Endocardial ablation in this region does not consistently succeed due to anatomical constraints within the left
lateral LA, including the presence of a thicker and longer mitral isthmus (MI), anatomical variations between the MI and epicardial
structures such as the CS and vein of Marshall (VOM) and circumflex artery, and the presence of fibrofatty tissue insulating the LOM.
Furthermore, epicardial ablation is challenging for inexperienced institutions because of its invasive nature. Ethanol infusion into the
VOM (EI-VOM) represents an effective and safe approach that can be employed in conjunction with radiofrequency ablation to eliminate

this arrhythmogenic structure.
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1. Introduction

In 1850, John Marshall [1] was the first to describe
a ligamentous structure in the left atrium (LA) located be-
tween the inferior and superior left pulmonary veins (PVs).
This structure comprises multiple pericardial layers, fibrous
tissue, fat, blood vessels and nerves, and is now called as the
Ligament of Marshall (LOM). A comprehensive electro-
physiological examination was conducted by Scherlag BJ
et al. [2] in 1972. This examination demonstrated that the
LOM serves as a terminal, insulated tract activated through
an interatrial pathway that connects the posterior-inferior
region of the right atrium to the posterior-inferior LA, run-
ning along the coronary sinus (CS). In this early investiga-
tion, it was observed that the terminal end of the LOM did
not appear to reestablish connections with atrial muscula-
ture. Subsequently, in 2000, a comprehensive examination
of the gross anatomical and microscopic characteristics of
the LOM was conducted in seven postmortem human hearts
by Kim DT et al. [3]. Their findings revealed that the hu-
man LOM: (1) receives innervation from sympathetic nerve
fibers; (2) exhibits greater complexity compared to the ca-
nine LOM, characterized by the presence of ganglia, mul-
tiple sympathetic nerve fibers, numerous myocardial bun-

dles, and blood vessels; (3) features multiple myocardial
tract insertions into the CS and LA free-wall, all insulated
by fibro-fatty tissue. These observations suggest the po-
tential for the LOM to serve as a substrate for arrhythmias
(Fig. 1, Ref. [3]).

In recent years, the importance of the LOM’s role
in atrial fibrillation (AF) [4—-10], and in scar-related atrial
tachycardia (AT) [11-13] has garnered increasing attention.
While LOM ablation may offer an effective and comple-
mentary therapeutic option for these arrhythmias, achieving
transmural ablation of this epicardial structure from the en-
docardial side alone can be challenging. Ethanol-infusion
to the vein of Marshall (EI-VOM) is a complementary and
promising strategy to produce a durable lesion in this area.
In this review, we investigate the anatomy and electrophys-
iological features of the LOM, its involvement in atrial ar-
rhythmias, and strategies for eliminating this arrhythmo-
genic substrate through radiofrequency ablation and EI-
VOM.

Anatomy of the LOM — Musculature, Veins and Neurons

The LOM is composed of residual tissues originat-
ing from the embryonic sinus venosus and the left cardi-
nal vein, encompassing adipose tissue, fibrous structures,
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Fig. 1. Histology of Ligament of Marshall. (a) Gross photo showing location on posterior surface of heart. (b) Immunohistochem-

ical staining for tyrosine hydroxylase showing positively in nerve (brown staining—arrow). M, myocardium; F, fat. (avidin-biotin-

peroxidase, x120). (c—e) Subserial sections showing the LOM, isolated from the left atrial wall (in c¢), with 3 tracts (arrows) emerging

from it (in d) and eventually inserting into the atrial wall (in e) (hematoxylin and eosin [H&E] stain x 10). (f) Section from lower end of

LOM showing tract inserting into the left atrial wall (arrow) and coronary sinus (CS) (H&E stain x 10). This figure is reproduced from

the original manuscript [3] with permission from Elsevier. CS, coronary sinus; LAA, left atrial appendage; LOM, ligament of Marshall;

PV, pulmonary vein; LA ENDO, left atrial endocardium.

muscle bundles, blood vessels, ganglia, and nerve fibers
[1,3,14]. Diverse muscular connections are observed be-
tween the LOM and the LA or CS [14,15] (Fig. 2, Ref.
[15]), but typically, the LOM can be anatomically subdi-
vided into proximal, mid, and distal portions [15]. The

proximal segment establishes a direct connection with the
muscle sleeve of the CS. The middle segment of the LOM
links to the left lateral ridge and the left PVs. Extending be-
yond the left PVs, the distal segment, in certain instances,
inserts into the free wall of the LA. Makino M et al. [14]
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Fig. 2. Variations of LOM anatomy. (A1-A3) Pictures from autopsy specimens. (B1-B3) Pictures taken during surgery. A black
circle in (A1) indicates the proximal connection of the LOM to the CS. (A2) A different view of the same heart. The distal end of the
LOM inserts into the LSPV. (A3) A second heart in which LOM was completely attached to the epicardium. A discrete ligament was
not identified. (B1) Proximal connection (arrow) between the LOM and the CS. (B2) Both the proximal and distal connections of the
LOM (2 arrows) in a second heart. (B3) A third heart, which seems to have multiple muscle fibers (arrows) connecting the LOM and the

LA. CS, coronary sinus; LA, left atrium; LAA, left atrial appendage; LIPV, left inferior pulmonary veins; LOM, ligament of Marshall;

LSPV, left superior pulmonary vein; LV, left ventricle; PV, pulmonary vein; LPV, left pulmonary vein. This figure is reproduced from

the original manuscript [15] with permission from Elsevier.

reported the observation of continuously extending multi-
ple and broad connections between the LA and the LOM in
approximately one-third of cases.

The vein of Marshall (VOM), one of the largest veins
in the LA, is insulated within the LOM. It drains the poste-
rior and posterolateral walls of the LA, coursing obliquely
and inferiorly towards the CS, with its ostium situated
within the proximal CS, just proximal to the Vieussens
valve. This vein may be identifiable in more than 90% of
cases through CS venography [16].

Neural composition is another vital component of the
LOM. Immuno-histochemical examinations of the LOM in-
dicate rich innervation by autonomic nerves and ganglia. In
a study conducted by Doshi R et al. [9] in 1999, involving
12 canine atria, it was demonstrated that the LOM com-
prises muscle tracts and abundant nerve bundles primarily
consisting of well-insulated sympathetic nerves within fi-
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brofatty tissues. Conversely, Ulphani J ef al. [17] in 2007
documented in a study involving 10 dogs that the LOM pre-
dominantly comprises parasympathetic nerve fibers, which
originate from the left vagus, traverse through the LOM,
and provide innervation to several structures in the posterior
LA. These conflicting findings were explained by Makino
M et al. [14] in postmortem human hearts. They showed
that sympathetic nerve fibers were densely concentrated
around the PV-LA junctions, with parasympathetic ganglia
primarily distributed at the CS juncture. From the distal to
the proximal segments of the LOM, the sympathetic nerve
fibers gradually decrease while the parasympathetic gan-
glions increase.

Yu X et al. [18] conducted a study in 16 dogs, em-
ploying 6-hour rapid atrial pacing (20 Hz, 2 x threshold)
both before and after selectively ablating the distal section
of the LOM to examine its impact on atrial electrical re-
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Fig. 3. Mechanism of LOM-related tachyarrhythmias. (A) The source of triggers. (B) Drivers or micro-reentries forming the sub-

strates of reentry. (C) Macroreentrant or localized circuits totally or partially using the LOM. (D) Rich autonomic innervation (e.g.,

parasympathetic ganglions around the ostium of the VOM and adrenergic nerves around the distal sympathetic nerves). CS, coronary

sinus; LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LSPYV, left superior pulmonary vein; MV, mitral valve; RIPV,

right inferior pulmonary vein; RSPV, right superior pulmonary vein; LOM, ligament of Marshall; VOM, vein of Marshall.

modeling. The ablation of the distal LOM led to a decrease
in sympathetic indices of heart-rate variability and serum
norepinephrine levels. Post-pacing, there were observed al-
terations such as shortened atrial effective refractory period
(ERP), increased ERP dispersion, and heightened inducibil-
ity and persistence of AF. However, subsequent ablation
of the distal LOM reversed these effects. Conversely, pre-
emptive ablation of the distal LOM before rapid atrial pac-
ing inhibited changes in ERP and prevented the induction
and sustenance of AF. These findings suggest that the ther-
apeutic and defensive effects of distal LOM ablation could
be linked to the reduction of cardiac sympathetic activity,
thereby exerting global effects on atrial tissue [18].

Not only the histological and experimental data men-
tioned above, but also the clinical findings reported explain
the relation between the arrhythmogenicy of LOM and the
mechanism of AF/AT initiation and perpetuation of these
arrhythmias [4—18] (Fig. 3).

2. Role of the LOM as a Focus for AF

The LOM as an arrhythmogenic source was first re-
ported in an experimental study by Scherlag BJ ez al. [19].
Multiple subsequent case reports and studies have shown
ectopic beats originating from the LOM as triggers for
paroxysmal AF [4,20-22]. Stimulation of left cardiac sym-
pathetic nerve in dogs has been reported to induce an ec-

topic atrial rhythm originating from the LOM area. Addi-
tionally, the LOM has been observed as a potential source of
focal atrial tachycardia (AT) [23] and AF [4-6]. Hwang C
et al. [4] successfully documented double potentials in the
VOM. The origin of AF was observed in the muscle bundle
within the LOM in six patients in whom VOM electrograms
were directly recorded. Ablation targeting the insertion site
of the VOM effectively terminated AF in four of these pa-
tients. These findings suggest that the LOM may serve as
the origin of focal AF in certain individuals. Katritsis D et
al. [5], demonstrated the feasibility of recording Marshall
potentials and a significant reduction in the frequency of
adrenergic AF burdens and symptoms by the abolition of
these activities. Depending on the types of connections be-
tween the LOM and LA or CS, electrograms of the VOM
are sometimes discretely visible, as clearly demonstrated by
Han S et al. [20], and sometimes not. Lin WS et al. [24],
studied 240 patients with a total of 358 ectopic foci initiat-
ing Paroxysmal AF (PAF), and demonstrated that 68 (28%)
patients had AF initiated by ectopic beats (73 foci, 20%)
from non-PV areas, including the LA posterior free wall
(28, 38.3%), superior vena cava (27, 37.0%), crista termi-
nalis (10, 13.7%), LOM (6, 8.2%), CS ostium (1, 1.4%),
and interatrial septum (1, 1.4%). Liu CM et al. [25], in-
vestigated 254 patients with non-PAF, demonstrating that
AF was induced in 102 foci in 67 (26%) patients, including
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the LA posterior free wall or left atrial appendage (LAA)
(20, 19.6%), superior vena cava (23, 22.5%), right atrium
or crista terminalis (12, 11.8%), LOM (20, 19.6%), CS (16,
15.7%), and interatrial septum (11, 10.8%). AF is docu-
mented to originate more frequently from the distal segment
than the proximal segment of the LOM. Conversely, ectopic
AT tends to arise more frequently from the proximal seg-
ment of the LOM, particularly in locations near the CS [7].

3. Role of the LOM as a Substrate for AF

The LOM may be important not only as a focus for
AF, but also as a substrate for AF. Dave AS et al. [21],
studied 61 patients with recurrent AF or flutter after PV
isolation and demonstrated left PV reconnection may oc-
cur via epicardial connections through the VOM, albeit in a
minority of cases [26]. More recently, Barrio-Lopez MT, et
al. [27] examined 534 consecutive patients with AF under-
going radiofrequency (RF) ablation and demonstrated that
81 epicardial connections were observed in 72 (13.5%) pa-
tients and half were connections between the left PVs and
the LOM. Comparatively, patients with epicardial connec-
tions exhibited lower acute success in pulmonary vein isola-
tion than those without epicardial connections (99.1% ver-
sus 86.1%; p < 0.001). After adjustment for age, sex, and
various other factors, patients with epicardial connections
demonstrated a higher risk of atrial tachyarrhythmia recur-
rence compared to those without (hazard ratio, 1.7 [95%
CI, 1.1-2.9]; p = 0.04) [27]. Persistent left superior vena
cava (PLSVC) is observed when the left anterior cardinal
vein does not recess to the LOM and remains patent [28,29].
PLSVC exhibits a relatively low prevalence in the general
population and is infrequent among patients referred for RF
catheter ablation of AF. However, it still may be the origin
of AF [30,31], and PLSVC isolation during catheter abla-
tion is associated with a reduction in AF recurrence [32,33].

Makino M et al. [14], examined 28 postmortem hu-
man hearts including 3 cases with Paroxysmal AF (PAF)
and the other 3 with chronic AF (CAF) to demonstrate the
various connections between the LA and the LOM. The
LOM was observed in 25 hearts (89%). Close connections
near the CS juncture were observed in 18 cases (64%) (Non-
AF, 12 cases [63%]; PAF, 3 cases [100%]; CAF, 3 cases
[100%]). Distant connections were noted in 16 cases (72%)
(Non-AF, 12 cases [63%]; PAF, 3 cases [100%]; CAF, 1
case [33%]). Furthermore, left PV to LA junctional connec-
tions were seen in 18 cases (72%) (Non-AF, 13 cases [68%];
PAF, 3 cases [100%]; CAF, 2 cases [67%]). Additionally,
apart from these three connections, multiple and wide con-
nections extending continuously were observed in 9 cases
(36%) (Non-AF, 6 cases [31%]; PAF, 3 cases [100%]; CAF,
0 cases [0%]). This anatomical diversity has also been elec-
trophysiologically demonstrated by Han S ef al. [20]. In
their investigation, a single connection between the Mar-
shall bundle (MB) and CS muscle sleeves was observed in
11 out of 64 patients (17.2%). Recordings from the MB
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revealed distinct potentials with a proximal-to-distal acti-
vation pattern during sinus rhythm. Double connections to
both the CS and LA around the left PVs were observed in
23 out of 64 patients (35.9%). Post ablation of the distal
connection, MB recordings displayed typical double poten-
tials as a single connection. Additionally, 30 out of 64 pa-
tients (46.9%) exhibited multiple connections, with the ear-
liest activation occurring in the middle of the MB during
sinus rhythm. Activation patterns demonstrated variability
and irregularity in each patient. During AF, rapid and frac-
tionated complex activations were consistently observed in
this group. These anatomical and electrophysiological find-
ings suggest the potential formation of complex multiple
myocardial connections between the LOM and LA, poten-
tially contributing to the development and maintenance of
reentrant circuits underlying AF [7-9].

In sustained AF induced by chronic pacing, a signifi-
cant gradient of activation rate was demonstrated in 6 dogs
by Wu TJ et al. [10]. The mean cycle length was shorter
in the LOM (84 £ 5 ms), the left inferior pulmonary vein
(LIPV) (81 * 4 ms), and the left superior pulmonary vein
(LSPV) (85 + 7 ms) than the LA free wall (96 + 5 ms) and
the RA fee wall (126 4+ 17 ms). The dominant frequency
was highest in the LOM and the PVs (range 11.2 to 13.3
Hz), followed by the LA (p = 0.001) [10]. Similar find-
ings are also observed in the human heart. Kamanu S et
al. [34], recorded activations in the LOM in 4 persistent
AF and 2 permanent AF cases, demonstrating that the acti-
vation at the VOM (CL = 140 £ 31 msec) is significantly
shorter than that at other sites in the atrium (p < 0.05), and
the dominant frequency at the VOM (9.71 Hz 4+ 1.52 Hz) is
also significantly higher than that at other sites in the atrium
(p < 0.0001) during AF. These data suggest that the LOM
region may lead AF in some cases [34].

4. Role of the LOM as a Substrate for AT

The LOM may more commonly serve as part of a
circuit for reentrant ATs after AF ablation. We have de-
scribed two types of MB-related reentrant ATs [11]: MB-
related perimitral flutter and MB-related localized AT. Out
of 199 scar-related ATs in 140 patients undergoing at least
one prior procedure (mean: 2.9 £ 1.5) including pul-
monary vein isolation (PVI), either as a standalone pro-
cedure or combined with mapping and ablation of AT, 60
(30.2%) ATs were diagnosed as LOM-related ATs includ-
ing 31 (15.6%) perimitral flutters and 29 (14.6%) localized
reentries. Hayashi and colleagues [12] reported that fol-
lowing PVI or valve surgery, LOM-related perimitral flut-
ter accounted for up to 11% of perimitral flutter cases. Af-
ter multiple procedures, residual LOM-related epicardial
connections are more likely to be included in the AT cir-
cuit. We followed 147 patients with AF-ablation related
ATs mapped by Rhythmia™, and examined 44 patients who
received redo procedures, and the AT-maps during the redo-
procedure were compared to the original AT circuit to in-
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Fig. 4. Location of epicardial-to-endocardial insertion from the ligament of Marshall. Diverse connections between the ligament of

Marshall and endocardial left atrium are observed along the ridge between the LAA and LPV. Centrifugal activation is identified at the

endocardial insertion point of the epicardial structures, which is one of the clues to predict LOM-related ATs. AT, atrial tachycardia; CS,

coronary sinus; LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; MV, mitral valve;

PMEF, perimetral flutter; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein; VOM, vein of Marshall; LPV, left

pulmonary vein; LOM, ligament of Marshall.

vestigate the mechanism of AT-recurrence. When the origi-
nal AT is focal AT, cavo-tricuspid isthmus (CTI)-dependent
AT, or non-anatomical macroreentrant AT, the circuit of
the recurrent AT is usually different from the original AT-
circuit. However, when the original AT is perimitral flutter
or roof-dependent macroreentrant AT, the circuit of the re-
current AT is similar to the original AT in 57.7% and 44.4%,
respectively [13]. In addition, epicardial structures are in-
cluded in the circuit in 51.2% of recurrent ATs. Especially
in perimitral flutter, the CS/VOM-system is involved in the
circuit in 75% of redo cases13. Similar to our findings, sev-
eral studies have demonstrated the difficulty in achieving
transmural linear lesions across the mitral isthmus (MI) and
the LOM [35-37]. Anatomical and histological findings
[3,14] have demonstrated that the LOM has multiple con-
nections with the LA and is insulated from its surroundings
by fatty tissue. These structures may also act as substrate
for ATs.

LOM-related ATs should be strongly suspected when
arrhythmia recurs after extensive ablation including endo-
cardial mitral isthmus ablation [13]. When 3D-mapping
systems display a centrifugal activation from the ostium of
the LAA and the top of the ridge [38], mid-low regions of
the ridge [39], or the neighboring areas around the LIPV,
reentrant (pseudo-focal) ATs using the LOM [40,41] should
be differentiated from true focal ATs (Fig. 4).

5. Radiofrequency Ablation to the LOM

RF-ablation of the LOM can be performed while
mapping this structure either epicardially or endocardially.
Hwang C et al. [4] described an endocardial ablation tech-
nique involving cannulation of the VOM with a mapping
catheter for anatomical guidance during ablation and con-
firmation of its success. A 1.5-2.7 Fr mapping catheter
can be placed in the VOM through the CS to record LOM-
electrograms. In approximately half of the patients, double
potentials were recorded, indicating LA activation as ini-
tial potentials and LOM potentials as secondary. By tar-
geting these potentials, RF lesions may be created endocar-
dially at the left lateral ridge, corresponding to the epicar-
dial LOM. The area closest to the LA endocardium and the
LOM is situated in the inferior region of the LA, just be-
low the LIPV ostium. Endocardial RF applications in this
region can eliminate LOM potentials.

One the other hand, VOM cannulation is not always
successfully performed because of various anatomic and
technical reasons. When the VOM is not visible or endo-
cardially not accessible, an epicardial approach following
Sosa’s technique [42] may be an alternative strategy for suc-
cessful mapping and ablation of this structure. Berruezo A
et al. [43], demonstrated the effects of transthoracic epicar-
dial ablation of the LOM in four patients experiencing a re-
currence of highly symptomatic drug-refractory peri-mitral
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flutter resistant to endocardial and CS mitral isthmus ab-
lation. However, this approach is invasive and may pose
challenges for non-experienced institutions.

6. (i) EI-VOM: Impact on MI Ablation

Attaining complete MI block using RF poses a chal-
lenge, with success rates reported between 31% to 92%
[44—49], often necessitating RF applications within the CS
(59-91%). The complexity of achieving complete MI block
may be linked to several anatomical limitations, includ-
ing a thicker and longer MI [50,51], and anatomical vari-
ations between the MI and epicardial structures, such as the
CS/VOM and circumflex artery [52—54]. Piorkowski C et
al. [55], conducted simultaneous epicardial and endocar-
dial mapping in 55 patients who had undergone at least two
prior attempts of endocardial catheter ablation and contin-
ued to experience symptomatic paroxysmal AF, persistent
AF, or AT despite prior PVI. The study demonstrated the
completion or addition of a total of 165 linear ablation lines
during the procedure, with 63 out of 165 lines (38%) re-
quiring epicardial ablation to achieve continuity. Notably,
all 9 classical MI lines drawn during the procedure required
epicardial ablation.

In addition, the assessment of the achievement of MI
block is challenging. It has been reported that pseudo-
MI block, in which a conventional pacing maneuver dis-
plays complete MI block, but high-resolution mapping or
a catheter placed in the VOM demonstrates incomplete
MI block, is observed in approximately 20-30% of cases
[35,36,56]. The main mechanism of this mis-diagnosis is
residual epicardial conduction with endocardial block [13].
One of the technical approaches to overcome the difficulty
in achieving complete MI-block is to select different linear
lines such as an anterior line or anteroseptal line [57—60].
However, these lines are strongly associated with the inci-
dence of bi-atrial tachycardias [61-64], which are usually
refractory to ablation therapy. If complete endocardial-to-
epicardial block can be achieved, an ideal line theoretically
exists in the posterior MI region connecting the lateral mi-
tral annulus with the left PVs. This area is typically the lat-
est activation site of the LA during sinus rhythm (SR), and
establishing bidirectional block in this specific region will
not disrupt physiologically normal conduction during SR.
Additionally, this line can avoid the risk of biatrial atrial
tachycardias. However, the augmentation of RF power or
contact force to create transmural and durable lesions at this
site from the endocardial side may simultaneously elevate
the risk of complications, such as cardiac effusion or tam-
ponade.

An epicardial approach such as EI-VOM may be an
optional strategy to add to RF to eliminate conduction
through this epicardial structure [13,65-69]. This com-
bined approach, using EI-VOM along with RF, has been
reported to achieve an exceptionally high success rate of
98-100% for the achievement of mitral isthmus block [65,
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66,70,71]. We have first demonstrated this in patients with
perimitral flutter (PMF). Our study involved 103 consec-
utive patients with PMF who underwent high-resolution
mapping, including an initial group of 71 patients treated
solely with RF ablation (RF-group), followed by a sub-
sequent group of 32 individuals who underwent EI-VOM
followed by RF applications on both the endocardial and
epicardial mitral isthmus (EI-VOM/RF-group). Although
PMF similarly terminated in both two groups, the tachy-
cardia terminated with EI-VOM alone in 68.6% of cases in
the EI-VOM/RF-group. The median duration of RF for ter-
mination of conversion of AT was notably shorter [0 (0-6)
s] in the EI-VOM/RF-group compared to [312 (55-610) s]
in the RF-group (p < 0.0001). Similarly, the duration for
achieving complete block of the mitral isthmus was shorter
in the EI-VOM/RF-group [246 (0-663) s] than in the RF-
group [900 (525-1310) s, p < 0.0001]. During the one-
year follow-up, the EI-VOM/RF-group exhibited fewer re-
currences [6/32 (18.8%)] compared to the RF-group [29/71
(40.8%), p = 0.04]. Multivariate analysis revealed that only
EI-VOM was significantly associated with a lower risk of
AT recurrence (hazard ratio = 0.35, p = 0.018). Nakashima
T et al. [66], conducted a comparative analysis between
two groups of patients undergoing a first attempt at pos-
terior myocardial infarction (MI) ablation: those receiving
adjunctive EI-VOM (n = 152) versus those treated with RF
alone (n = 110). The study compared the rates of acute
MI block and observed MI reconnection during subsequent
procedures between these two groups [66]. The EI-VOM
group exhibited a higher frequency of achieving acute MI
block (98.7% [150/152]) compared to the RF alone group
(63.6% [70/110]; p < 0.001). Moreover, the EI-VOM
group required a shorter duration of RF application (5.00
[3.00—7.00] minutes) in contrast to the RF alone group (19.0
[13.6-22.0] minutes; p < 0.001). Among the 220 patients
who achieved MI block during the initial procedure, 81
underwent a repeat procedure during follow-up. A lower
percentage of patients in the EI-VOM group required re-
peat procedures compared to the RF alone group (EI-VOM
group: 23.3% [35/150] vs. RF alone group: 65.7% [46/70],
respectively; p < 0.001). Notably, a significantly larger
proportion of patients demonstrated sustained or durable
MI block in the EI-VOM group (62.9% [22/35]) compared
to the RF alone group (32.6% [15/46], respectively; p =
0.008). Laredo M et al. [72], focused on the durability
of MI block over time in 24 consecutive patients who un-
derwent EI-VOM for persistent AF or PMF (index proce-
dure) and repeat catheter ablation for recurrent AT or AF.
Among the 20 patients who initially achieved complete MI
block at the index procedure, reconnection of the MI was
observed in 9 patients (25%). The median low bipolar volt-
age (<0.05 mV) area in the VOM region (13.1 cm? [8.1—
15.9] cm?) was comparable to the area observed immedi-
ately after EI-VOM (median 12.4 cm? [7.6-15.7] cm?). A
recent meta-analysis including 1322 patients in 10 studies,
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demonstrated that EI-VOM combined with RF-catheter ab-
lation significantly increased the rate of bidirectional mitral
isthmus block compared with RF-catheter ablation alone in
AF patients [73].

While adopting EI-VOM as a first-line therapy for all
PMF may still be controversial, this approach should be
considered before alternative epicardial approaches [43,74]
in cases of refractory PMF due to its less invasive nature
and fewer complications.

6. (i) EI-VOM: Impact on AF Ablation

While most publications detail the methodology of EI-
VOM [74], or represent single arm data [26] without a com-
parator, one recent meta-analysis provides compelling ev-
idence that adjuvant EI-VOM reduces the recurrence rate
of AF and/or AT in patients with persistent AF. Liu CM
et al. [25] have reported the long-term efficacy of EI-
VOM as an adjunctive treatment to the conventional ab-
lation strategy for non-paroxysmal AF and concluded that
EI-VOM decreased the risk of AF recurrence by 80%. Re-
cently, a prospective, multicenter, randomized, controlled
trial, the VENUS-AF trial has been published, where the su-
periority of concomitant EI-VOM to conventional catheter
ablation alone in reducing AT/AF recurrence and burden
was demonstrated [69]. The study included 343 patients
with symptomatic persistent AF comparing a group with
catheter ablation alone (n = 158) vs. that with EI-VOM
and catheter ablation (n = 185). Although 30 (16.2%) pa-
tients in the EI-VOM plus catheter ablation group did not
receive successful EI-VOM, fewer recurrences were ob-
served after a single procedure and off antiarrhythmic drugs
in the EI-VOM plus catheter ablation group (49.2%) than
the catheter ablation alone group (38%). Importantly, sub-
analysis of the VENUS trial demonstrated that the outcome
of the procedure was significantly better in patients when
mitral isthmus block was achieved [75]. Derval N et al.
[76], have also reported the clinical impact of EI-VOM in
a prospective, single-center study. This approach, termed
the Marshall-PLAN, involved the elimination of the Mar-
shall bundle through EI-VOM, along with PVI and compre-
hensive anatomical ablation including linear lesions across
the mitral isthmus, roof, and CTI. A total of seventy-five
consecutive patients diagnosed with persistent AF were
enrolled in the study. EI-VOM was successfully com-
pleted in 69 patients (92%), and the full Marshall-PLAN
lesion set was accomplished in 68 patients (91%). After
12 months, 54 out of 75 patients (72%) remained free from
AF/AT following a single procedure without the use of an-
tiarrhythmic drugs in the entire cohort. Within the subset
of patients who received the complete Marshall-PLAN le-
sion set (n = 68), the success rate after a single procedure
was 79%. Presently, they conducted a prospective, ran-
domized, multicenter study comparing the Marshall-PLAN
strategy against PVI for persistent AF. Although the follow-
up is still ongoing, the interim report presented in the late-

breaking session in EHRA2023 indicates the superior ef-
ficacy of the Marshall-PLAN strategy. The trial included
120 patients with symptomatic persistent atrial fibrillation
for more than one month. The total radiofrequency time
was significantly longer in the PVI group (29 minutes) com-
pared to the Marshall-Plan group (23 minutes; p < 0.001).
The full lesion set was successfully achieved in 88% of pa-
tients with the Marshall-Plan strategy and 98% with PVI
only. In an intention-to-treat analysis, the recurrence of ar-
rhythmias after an average follow-up of 10 months was sig-
nificantly higher in the PVI group than in the Marshall-Plan
group (18 vs. 8 patients; p =0.026). In addition, Lai Y ez al.
[77], compared a ‘2C3L’ approach including bilateral PVIs
and 3 anatomical lines on the mitral isthmus, roof and CTI,
performed solely by RF-ablation with the same approach
but with EI-VOM and RF-ablation (upgraded ‘2C3L’ ap-
proach) for the treatment of persistent AF [77], demon-
strating that a better outcome at 12-month follow-up was
observed in patients treated with the upgraded ‘2C3L°. A
randomized clinical trial ‘PROMPT-AF’ (Prospective ran-
domized comparison between upgraded ‘2C3L° vs. PVI ap-
proach for catheter ablation of persistent AF) is now also
underway [78].

While recent reports have demonstrated a preference
for adjunctive EI-VOM over conventional RF alone [69,
76,77], a conflicting result was initially reported in the
MARS trial, a prospective multicenter randomized con-
trolled study. In this trial, 80 patients with persistent AF un-
dergoing repeat catheter ablation were randomly assigned
to either catheter ablation alone or catheter ablation com-
bined with EI-VOM. Although EI-VOM was successfully
performed on 90% of the patients, there was no significant
difference in the incidence of achieving MI-block or free-
dom from AF/atrial tachycardia 12 months after the pro-
cedure between the two groups [79]. The impact of EI-
VOM on clinical outcomes may depend on the study popu-
lation and the additional ablation strategies used in conjunc-
tion with EI-VOM. Therefore, a meticulous examination of
long-term outcomes is warranted.

7. Main Approaches for EI-VOM

With a grasp of fluoroscopic anatomy and utilizing
angioplasty tools, the VOM ethanol technique is not com-
plex and achieves success in approximately 90% of cases
[71,80-83]. Failure should be limited to patients without a
VOM. Two main approaches have been reported as shown
in Fig. 5. Valderrabano M et al. [74,84], first delineated
the safety and efficacy of ethanol infusion in the VOM dur-
ing catheter ablation in 14 patients with AF undergoing PVI
[74]. Successful cannulation of the VOM was achieved in
10 out of 14 patients (71.4%) with a reduction in ablation
time for PVI, without encountering any complications. Ini-
tially, CS cannulation was accomplished by introducing a
7 Fr sheath via the right internal jugular vein (Rapido CS-
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Fig. 5. Two main approaches for EI-VOM. Jugular vein approach with a guide sheath (A-i) or without (A-ii) and femoral vein approach

(B). CS, coronary sinus; Eso, esophageal temperature monitoring; EI-VOM, ethanol infusion to the vein of Marshall; LAO, left anterior

oblique view; RA, right atrium; RAO, right anterior oblique view; SVC, superior vena cava; VOM, vein of Marshall.

EH, Boston Scientific, St. Paul, MN, USA). A subsequent
CS venogram was conducted to visualize the ostium of the
VOM, using a balloon to obstruct the CS ostium.

Efforts were made for sub-selective cannulation of
the VOM using a left internal mammary artery (LIMA) or
Judkins-right (JR) angiographic guide catheter (BMW, Ab-
bott, Abbott Park, Illinois, USA), or a sub-selective catheter
for CS branch cannulation (Rapido 1C-90, Boston Scien-
tific). Radiographic contrast was injected to confirm en-
gagement in the VOM while Marshall electrograms were
collected using a slim catheter (1.5 Fr-2.7 Fr). Once en-
gagement was established, an angioplasty wire was inserted
into the VOM, followed by the advancement and infla-
tion of a pre-loaded angioplasty balloon (8 mm length,
2 mm nominal diameter) in the VOM. A selective VOM
venogram was obtained by injecting contrast into the bal-
loon lumen, revealing the VOM distribution. As described
in the original report, two separate 1 mL injections of 100%
ethanol were administered, each over a 2-minute interval.
Subsequent studies have adopted and replicated this pro-
cedural approach [26,68]. Recently, a multipolar catheter
featuring an internal cardioversion function has been in-
troduced (Lumen BeeAT, Japan Life Line, Tokyo, Japan).
This catheter is advanced into the CS with guidance from
a 0.035-inch guidewire. Subsequently, the vein of Mar-
shall (VOM) is accessed by the 2.7 Fr catheter (EP-star
FIX AIV, Japan Life Line, Tokyo, Japan) with a guidance
of a 0.014-inch wire (Whisper 0.014, Abbott or Sion Blue
0.014; Asahi). Finally, the catheter covers the superior vena
cava, RA, CS, and VOM simultaneously, also facilitating
efficient exploration of non-pulmonary vein foci after in-
ternal cardioversion.

On the other hand, a femoral approach is originally de-
scribed by Hwang C et al. [4]. We have also modified this
approach [85]. In this method, a steerable long sheath Ag-
ilis NXT (Abbott Inc, St. Paul, MN, USA) is inserted into
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the CS from the right femoral vein, guided by an ablation
catheter. Subsequently, a selective venogram of the VOM
is performed using a 5 Fr angiography catheter within the
CS via the steerable sheath. At each location within the CS,
a small amount of contrast is injected through the LIMA
catheter or JR catheter to locate and engage the ostium of
the VOM. In cases where the VOM is not identified, a bal-
loon occlusion venogram of the CS is performed to facili-
tate VOM identification. VOM-cannulation was successful
in 50/54 (92.5%) pts in this study. However, VOM was
not visible in one patient, and guidewire insertion was not
possible due to small VOM. Select an appropriately sized
balloon (1.5-2.5 mm diameter and 6—15 mm length, 145
cm MINI TREK; Abbott, USA) based on the VOM size
to occlude its ostium. After confirming balloon occlusion
and VOM distribution through contrast injection, slowly in-
ject 0.5-3 mL of ethanol (96% ethanol 10 mL, 8.08 gr, 808
mg/mL) over 1 minute, followed by a repeat of selective
venography of the VOM. We empirically administer a to-
tal of 6 to 12 mL of ethanol. Kamakura T ef al. [83], re-
ported that out of a total of 713 patients who received EI-
VOM with the femoral approach, the procedure was failed
in 79 patients (11.1%) due to the following reasons: (1) non-
identification of the VOM in 44 patients (6.2%); (2) non-
cannulation of the VOM in 11 patients (1.5%); (3) ethanol
infusion inside a wrong vein (inferior LA vein: 0, LAA
vein: 10, undefined vein: 2) in 12 patients (1.7%); (4) CS
dissection in 6 patients (0.8%); (5) persistent left superior
vena cava in 4 patients (0.6%).

8. Various Distribution of the VOM

Venous distribution is varied and abundant collater-
als are observed in LA. However, a constant pattern may
be recognized and summarized in the report by Valder-
rabano M et al. [16]. Beginning with the CS ostium, the
LA veins include: (1) a septal vein; (2) a second, inferior
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Fig. 6. Various distribution of VOM branches. Various distribution of VOM branches are observed. A posterior branch from the
main VOM-tract (A). A plexus-like short-VOM without a main tract (B). A roof branch from the distal part of the main VOM-tract (C).
Stump-like VOM with two branches from the VOM-ostium; one is a posterior-inferior branch and the other is inferior branch (D). AP,

antero-posterior view; LAO, left anterior oblique view; RAO, right anterior oblique view; VOM, vein of Marshall.

atrial vein; (3) the VOM; (4) LAA veins; and (5) an an-
terior roof vein. Additionally, LA veins not connected to
the CS are observed, including (6) roof veins and posterior
wall veins commonly linked with (7) extracardiac collat-
erals. While the VOM is consistently the most frequently
found LA vein, identified as the vein arising at the level of
the valve of Vieussens (ostial to it), various venous distri-
butions and collaterals are still observed (Fig. 6). In our
study, the distance from the CS ostium to the VOM ostium
was 4.25 + 2.57 cm, displaying substantial variability. The
VOM was commonly identified as a true atrial vein, with
variable branching into small venules observed in most pa-
tients (78.2%). Length of the VOM before branching was
2.99 + 1.82 cm. However, in certain cases, a venous plexus
(10.4%) at the VOM origin or a stump (12.2%) with few
or no atrial branches and an abrupt transition from the CS
origin into a cul-de-sac were noted. The VOM was observ-
able up to the LIPV in the majority of patients (72.8%), ex-
tending further to the LSPV in 9.6% of cases. However,
in some instances, the VOM was smaller, not even reach-
ing the LIPV (17.6%). Communication between the VOM
and left PVs, as demonstrated by the presence of contrast
drainage during VOM-venography, was observed in 37.7%
of cases. It is essential to visualize the complete distribu-
tion of the VOM, including distal branches and collaterals,
before injecting ethanol. The impact of EI-VOM is associ-
ated with this distribution. Kamakura T et al. [86], char-
acterized the distribution of low voltage observed in the
LA after EI-VOM in 114 AF patients. Although the two
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most frequently impacted segments were the inferior seg-
ment of the ridge (82.5%) and the first half of the mitral
isthmus (pulmonary vein side) (92.1%), these areas were
not affected when the VOM had no branches. A residual
gap on the mitral isthmus was more frequently observed at
the annular side [66]. Interestingly, an effect of EI-VOM
was observed on the lower left posterior wall in 19.3% adja-
cent to the esophagus. EI-VOM may be an optional strategy
for safely and effectively eliminating arrhythmogenic epi-
cardial structures around the posterior LA region adjacent
to the esophagus in cases where RF applications are chal-
lenging due to frequent temperature rise [87]. Although low
voltage extending to the lower dome, posterior wall, or the
entire LA can be anticipated by a visible VOM anastomosis
with roof or posterior veins, this does not always guarantee
a significant impact in these areas [86].

Assessing the VOM anatomy before the procedure
may help reduce radiation duration, contrast medium vol-
ume, and the risk of complications. While visualizing the
VOM by computed tomography (CT) imaging is generally
challenging, an optimized CT acquisition protocol dedi-
cated to VOM visualization has been reported by Takagi
T et al. [88]. In this protocol, a contrast bolus of 50 mL
of 100% iodine contrast media was injected at 5 mL/s, fol-
lowed by 40 mL of 100% iodine contrast at 3 mL/s, and
then by 20 mL of 100% saline at the same rate. The acqui-
sition was set at a fixed 20-second delay after detecting the
enhancement of LA chamber (100 Hounsfield Units [HU]
threshold). Administration of sublingual nitroglycerin be-
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fore CT acquisition was required to maximize coronary ve-
nous flow [88,89]. The VOM distribution was more fre-
quently detected with this dedicated protocol than with a
conventional protocol (63% vs. 35%). The VOM emerged
in the superior portion of the cross-sectioned CS in 68% and
in the postero-superior portion in 32%.

9. Complications of EI-VOM

Kamakura T et al. [83], reported successful EI-VOM
in 634 out of 713 patients scheduled for the procedure
(88.9%). VOM perforation, characterized by iodine ex-
travasation into the pericardial space, was observed in 20
cases (2.8%), along with pericarditis in 13 instances (1.8%),
defined by chest pain and limited pericardial effusion. A to-
tal of 14 serious complications (2.0%) were documented:
7 (1.0%) cases of tamponade, 6 of which were delayed
and necessitated pericardiocentesis performed several days
post-procedure (range: 7-106 days), 4 (0.6%) strokes, 1
(0.1%) incident of anaphylactic shock, 1 (0.1%) atrioven-
tricular block, and 1 (0.1%) left appendage isolation. Only
4 of these severe complications occurred during the pro-
cedure. The incidence of cardiac tamponade was notably
higher in patients with VOM perforation compared to those
without (10% vs. 0.7%, p = 0.014), with serous effusion
in 4 out of 7 cases (57%). While the overall complication
rate remains low, delayed cardiac tamponade emerges as a
distinctive complication following EI-VOM. Another study
involving 129 patients undergoing EI-VOM also indicated
arelatively high incidence of delayed cardiac tamponade at
3.1% [90]. Generally, the occurrence of delayed cardiac
tamponade following RF catheter ablation of AF is rela-
tively infrequent. Out of 27,921 procedures conducted in
21,478 patients, 45 cases (0.16%) of delayed cardiac tam-
ponade were observed. Patients developed delayed cardiac
tamponade at a median of 12 days (range: 0.2 to 45 days)
following the ablation procedures [91]. Hemorrhagic peri-
cardial fluid was observed in most of them (n = 36, 80%).
Although both sealed micro perforations in the atrium and
subacute pericarditis, like Dressler’s syndrome, may be as-
sociated with the mechanism of delayed cardiac tampon-
ade, the latter factor appears to be more commonly linked
to cardiac tamponade after EI-VOM, based on the observa-
tions of a higher incidence of pericarditis and delayed car-
diac tamponade, and more serous rather than hemorrhagic
pericardial effusion, in contrast to acute cardiac tamponade.

In approximately 30% of cases where EI-VOM is per-
formed, localized staining may be observed. This results
from the leakage of contrast medium from ruptured venules,
likely caused by dissection, balloon inflation, guidewire
manipulation, or high-pressure ethanol infusion. However,
no significant difference is reported to be observed between
cases with localized staining and those without in the inci-
dence of complications, the achievement and durability of
MI-block, the area of low-voltage area, and the clinical out-
come [70].
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10. Conclusions

The LOM is an epicardial structure composed of sym-
pathetic nerves, veins, and multiple muscular bundles con-
necting to the LA, and insulated from its surroundings by
fatty tissue. The LOM is responsible for both focal and
reentrant arrhythmias in patients with AF, and serves as a
trigger and/or driver of AF. Further, the LOM is frequently
included in the circuit of complex ATs, especially in cases
where endocardial ablation has been performed at the mi-
tral isthmus. EI-VOM is an efficient and safe approach to
aid elimination of this arrhythmogenic structure.

Author Contributions

Conceptualization: MT, PJ. Acquisition, analysis, and
interpretation of the data: MT, CM. Writing - original draft
preparation: MT. Writing - review and editing: CM, PJ.
Funding acquisition: PJ. Resources: MT, CM, PJ. Super-
vision: PJ. Final approval: All authors. All authors have
participated sufficiently in the work and agreed to be ac-
countable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding

This research was partly funded by a grant from In-
vestissement d’avenir: I[HU LIRYC ANR-10-IAHU-04.

Conflict of Interest

Drs JaiS and Martin received lecture fees from
Biosense Webster. Drs Jai§ and Takigawa has received
speaking honoraria from Abbott. Drs Jai§ and Martin re-
ceived speaking honoraria and consulting fees from Boston
Scientific.

References

[1] Marshall J. On the development of the great anterior veins in
man and mammalia; including an account of certain remnants of
feetal structure found in the adult, a comparative view of these
great veins the different mammalia, and an analysis of their occa-
sional peculia. Philosophical Transactions of the Royal Society
of London. 1850; 140: 133-170.

[2] Scherlag BJ, Yeh BK, Robinson MJ. Inferior interatrial pathway
in the dog. Circulation Research. 1972; 31: 18-35.

[3] Kim DT, Lai AC, Hwang C, Fan LT, Karagueuzian HS, Chen
PS, et al. The ligament of Marshall: a structural analysis in hu-
man hearts with implications for atrial arrhythmias. Journal of
the American College of Cardiology. 2000; 36: 1324—1327.

[4] Hwang C, Wu TJ, Doshi RN, Peter CT, Chen PS. Vein of mar-
shall cannulation for the analysis of electrical activity in patients
with focal atrial fibrillation. Circulation. 2000; 101: 1503-1505.

[5] Katritsis D, loannidis JP, Anagnostopoulos CE, Sarris GE, Gi-
azitzoglou E, Korovesis S, et al. Identification and catheter ab-

11


https://www.imrpress.com

(6]

(7]
(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

12

lation of extracardiac and intracardiac components of ligament
of Marshall tissue for treatment of paroxysmal atrial fibrillation.
Journal of Cardiovascular Electrophysiology. 2001; 12: 750—
758.

Kurotobi T, Ito H, Inoue K, Iwakura K, Kawano S, Okamura A,
et al. Marshall vein as arrhythmogenic source in patients with
atrial fibrillation: correlation between its anatomy and electro-
physiological findings. Journal of Cardiovascular Electrophysi-
ology. 2006; 17: 1062—-1067.

Hwang C, Fishbein MC, Chen PS. How and when to ablate the
ligament of Marshall. Heart Rhythm. 2006; 3: 1505-1507.

Tan AY, Chou CC, Zhou S, Nihei M, Hwang C, Peter CT, et al.
Electrical connections between left superior pulmonary vein, left
atrium, and ligament of Marshall: implications for mechanisms
of atrial fibrillation. American Journal of Physiology. Heart and
Circulatory Physiology. 2006; 290: H312-H322.

Doshi RN, Wu TJ, Yashima M, Kim YH, Ong JJ, Cao JM, et
al. Relation between ligament of Marshall and adrenergic atrial
tachyarrhythmia. Circulation. 1999; 100: 876-883.

Wu TJ, Ong JJ, Chang CM, Doshi RN, Yashima M, Huang HL,
et al. Pulmonary veins and ligament of Marshall as sources of
rapid activations in a canine model of sustained atrial fibrillation.
Circulation. 2001; 103: 1157-1163.

Vlachos K, Denis A, Takigawa M, Kitamura T, Martin CA,
Frontera A, et al. The role of Marshall bundle epicardial connec-
tions in atrial tachycardias after atrial fibrillation ablation. Heart
Rhythm. 2019; 16: 1341-1347.

Hayashi T, Fukamizu S, Mitsuhashi T, Kitamura T, Aoyama Y,
Hojo R, et al. Peri-Mitral Atrial Tachycardia Using the Marshall
Bundle Epicardial Connections. JACC. Clinical Electrophysiol-
ogy. 2016; 2: 27-35.

Takigawa M, Derval N, Martin CA, Vlachos K, Denis A,
Nakatani Y, et al. Mechanism of Recurrence of Atrial Tachy-
cardia: Comparison Between First Versus Redo Procedures in a
High-Resolution Mapping System. Circulation. Arrhythmia and
Electrophysiology. 2020; 13: e007273.

Makino M, Inoue S, Matsuyama TA, Ogawa G, Sakai T,
Kobayashi YI, et al. Diverse myocardial extension and auto-
nomic innervation on ligament of Marshall in humans. Journal
of Cardiovascular Electrophysiology. 2006; 17: 594-599.
Hwang C, Chen PS. Ligament of Marshall: why it is important
for atrial fibrillation ablation. Heart Rhythm. 2009; 6: S35-S40.
Valderrabano M, Morales PF, Rodriguez-Maiiero M, Lloves C,
Schurmann PA, Dave AS. The Human Left Atrial Venous Circu-
lation as a Vascular Route for Atrial Pharmacological Therapies:
Effects of Ethanol Infusion. JACC. Clinical Electrophysiology.
2017; 3: 1020-1032.

Ulphani JS, Arora R, Cain JH, Villuendas R, Shen S, Gordon
D, et al. The ligament of Marshall as a parasympathetic conduit.
American Journal of Physiology. Heart and Circulatory Physi-
ology. 2007; 293: H1629-H1635.

YuX,He W, QinZ, Liu S, Ma R, Luo D, et al. Selective ablation
of the ligament of Marshall attenuates atrial electrical remodel-
ing in a short-term rapid atrial pacing canine model. Journal of
Cardiovascular Electrophysiology. 2018; 29: 1299-1307.
Scherlag BJ, Yeh BK, Robinson MJ. Inferior interatrial path-
ways in the dog. Circulation Research. 1973; 32: 118-119.
Han S, Joung B, Scanavacca M, Sosa E, Chen PS, Hwang C.
Electrophysiological characteristics of the Marshall bundle in
humans. Heart Rhythm. 2010; 7: 786—793.

Dave AS, Baez-Escudero JL, Sasaridis C, Hong TE, Rami T,
Valderrabano M. Role of the vein of Marshall in atrial fibril-
lation recurrences after catheter ablation: therapeutic effect of
ethanol infusion. Journal of Cardiovascular Electrophysiology.
2012; 23: 583-591.

Keida T, Fujita M, Okishige K, Takami M. Elimination of non-

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

pulmonary vein ectopy by ethanol infusion in the vein of Mar-
shall. Heart Rhythm. 2013; 10: 1354—1356.

Zhang J, Ju W, Yang G, Tang C, Luo J, Xu J, et al. Epicardial
ablation of refractory focal atrial tachycardia after a failed endo-
cardial approach. Heart Rhythm. 2023; 20:374-382.

Lin WS, Tai CT, Hsieh MH, Tsai CF, Lin YK, Tsao HM, et
al. Catheter ablation of paroxysmal atrial fibrillation initiated
by non-pulmonary vein ectopy. Circulation. 2003; 107: 3176—
3183.

Liu CM, Lo LW, Lin YJ, Lin CY, Chang SL, Chung FP, et
al. Long-term efficacy and safety of adjunctive ethanol infusion
into the vein of Marshall during catheter ablation for nonparox-
ysmal atrial fibrillation. Journal of Cardiovascular Electrophys-
iology. 2019; 30: 1215-1228.

Chugh A, Gurm HS, Krishnasamy K, Saeed M, Lohawijarn
W, Hornsby K, et al. Spectrum of atrial arrhythmias using the
ligament of Marshall in patients with atrial fibrillation. Heart
Rhythm. 2018; 15: 17-24.

Barrio-Lopez MT, Sanchez-Quintana D, Garcia-Martinez J, Be-
tancur A, Castellanos E, Arceluz M, et al. Epicardial Connec-
tions Involving Pulmonary Veins: The Prevalence, Predictors,
and Implications for Ablation Outcome. Circulation. Arrhyth-
mia and Electrophysiology. 2020; 13: ¢007544.
Rodriguez-Mafiero M, Schurmann P, Valderrabano M. Liga-
ment and vein of Marshall: A therapeutic opportunity in atrial
fibrillation. Heart Rhythm. 2016; 13: 593-601.

Saremi F, Muresian H, Sanchez-Quintana D. Coronary veins:
comprehensive CT-anatomic classification and review of vari-
ants and clinical implications. Radiographics: a Review Publi-
cation of the Radiological Society of North America, Inc. 2012;
32: E1-E32.

Liu H, Lim KT, Murray C, Weerasooriya R. Electrogram-guided
isolation of the left superior vena cava for treatment of atrial fib-
rillation. Europace: European Pacing, Arrhythmias, and Cardiac
Electrophysiology: Journal of the Working Groups on Cardiac
Pacing, Arrhythmias, and Cardiac Cellular Electrophysiology of
the European Society of Cardiology. 2007; 9: 775-780.

Hsu LF, Jais P, Keane D, Wharton JM, Deisenhofer I, Hocini M,
et al. Atrial fibrillation originating from persistent left superior
vena cava. Circulation. 2004; 109: 828-832.

Elayi CS, Fahmy TS, Wazni OM, Patel D, Saliba W, Natale
A. Left superior vena cava isolation in patients undergoing pul-
monary vein antrum isolation: impact on atrial fibrillation recur-
rence. Heart Rhythm. 2006; 3: 1019—-1023.

Wissner E, Tilz R, Konstantinidou M, Metzner A, Schmidt B,
Chun KRJ, et al. Catheter ablation of atrial fibrillation in patients
with persistent left superior vena cava is associated with major
intraprocedural complications. Heart Rhythm. 2010; 7: 1755—
1760.

Kamanu S, Tan AY, Peter CT, Hwang C, Chen PS. Vein of Mar-
shall activity during sustained atrial fibrillation. Journal of Car-
diovascular Electrophysiology. 2006; 17: 839-846.

Fujisawa T, Kimura T, Nakajima K, Nishiyama T, Katsumata Y,
Aizawa Y, et al. Importance of the vein of Marshall involvement
in mitral isthmus ablation. Pacing and Clinical Electrophysiol-
ogy: PACE. 2019; 42: 617-624.

Barkagan M, Shapira-Daniels A, Leshem E, Shen C, Anter E.
Pseudoblock of the Posterior Mitral Line With Epicardial Bridg-
ing Connections Is a Frequent Cause of Complex Perimitral
Tachycardias. Circulation. Arrhythmia and Electrophysiology.
2019; 12: e006933.

Martinez BK, Baker WL, Konopka A, Giannelli D, Coleman CI,
Kluger J, et al. Systematic review and meta-analysis of catheter
ablation of ventricular tachycardia in ischemic heart disease.
Heart Rhythm. 2020; 17: €206—219.

Takigawa M, Denis A, Vlachos K, Martin CA, Jais P, Derval N.

&% IMR Press


https://www.imrpress.com

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

Two consecutive ATs demonstrating a centrifugal pattern; What
is the mechanism? Journal of Cardiovascular Electrophysiology.
2019; 30: 978-980.

Takigawa M, Goya M, Yamaguchi J, Shirai Y, Martin CA,
Sasano T. Perimitral flutter with a long epicardial bypass tract
successfully treated by selective ethanol infusion to a branch of
the vein of Marshall. Europace: European Pacing, Arrhythmias,
and Cardiac Electrophysiology: Journal of the Working Groups
on Cardiac Pacing, Arrhythmias, and Cardiac Cellular Electro-
physiology of the European Society of Cardiology. 2020; 22:
1787.

Takigawa M, Takagi T, Martin CA, Derval N, Denis A, Vlachos
K, et al. Differentiating atrial tachycardias with centrifugal acti-
vation: Lessons from high-resolution mapping. Heart Rhythm.
2021; 18: 1122-1131.

Nakatani Y, Nakashima T, Duchateau J, Vlachos K, Krisai P,
Takagi T, et al. Characteristics of macroreentrant atrial tachy-
cardias using an anatomical bypass: Pseudo-focal atrial tachy-
cardia case series. Journal of Cardiovascular Electrophysiology.
2021; 32: 2451-2461.

Sosa E, Scanavacca M, d’Avila A, Pilleggi F. A new technique to
perform epicardial mapping in the electrophysiology laboratory.
Journal of Cardiovascular Electrophysiology. 1996; 7: 531-536.
Berruezo A, Bisbal F, Fernandez-Armenta J, Calvo N, Cabrera
JA, Sanchez-Quintana D, et al. Transthoracic epicardial abla-
tion of mitral isthmus for treatment of recurrent perimitral flut-
ter. Heart Rhythm. 2014; 11: 26-33.

Matsuo S, Wright M, Knecht S, Nault I, Lellouche N, Lim KT,
et al. Peri-mitral atrial flutter in patients with atrial fibrillation
ablation. Heart Rhythm. 2010; 7: 2-8.

Jais P, Hocini M, Hsu LF, Sanders P, Scavee C, Weerasooriya
R, et al. Technique and results of linear ablation at the mitral
isthmus. Circulation. 2004; 110: 2996-3002.

Knecht S, Hocini M, Wright M, Lellouche N, O’Neill MD, Mat-
suo S, et al. Left atrial linear lesions are required for successful
treatment of persistent atrial fibrillation. European Heart Jour-
nal. 2008; 29: 2359-2366.

Takatsuki S, Extramiana F, Hayashi M, Haggui A, Messali A,
Milliez P, et al. High take-off left inferior pulmonary vein as
an obstacle in creating a conduction block at the lateral mitral
isthmus. Europace: European Pacing, Arrhythmias, and Cardiac
Electrophysiology: Journal of the Working Groups on Cardiac
Pacing, Arrhythmias, and Cardiac Cellular Electrophysiology of
the European Society of Cardiology. 2009; 11: 910-916.
Fassini G, Riva S, Chiodelli R, Trevisi N, Berti M, Carbucic-
chio C, et al. Left mitral isthmus ablation associated with PV
Isolation: long-term results of a prospective randomized study.
Journal of Cardiovascular Electrophysiology. 2005; 16: 1150—
1156.

Pak HN, Oh YS, Lim HE, Kim YH, Hwang C. Comparison of
voltage map-guided left atrial anterior wall ablation versus left
lateral mitral isthmus ablation in patients with persistent atrial
fibrillation. Heart Rhythm. 2011; 8: 199-206.

Latcu DG, Squara F, Massaad Y, Bun SS, Saoudi N, March-
linski FE. Electroanatomic characteristics of the mitral isthmus
associated with successful mitral isthmus ablation. Europace:
European Pacing, Arrhythmias, and Cardiac Electrophysiology:
Journal of the Working Groups on Cardiac Pacing, Arrhythmias,
and Cardiac Cellular Electrophysiology of the European Society
of Cardiology. 2016; 18: 274-280.

Yokokawa M, Sundaram B, Garg A, Stojanovska J, Oral H,
Morady F, et al. Impact of mitral isthmus anatomy on the like-
lihood of achieving linear block in patients undergoing catheter
ablation of persistent atrial fibrillation. Heart Rhythm. 2011; 8:
1404-1410.

Holda MK, Koziej M, Holda J, Tyrak K, Piatek K, Krawczyk-

&% IMR Press

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

0Oz0g A, et al. Spatial relationship of blood vessels within the
mitral isthmus line. Europace: European Pacing, Arrhythmias,
and Cardiac Electrophysiology: Journal of the Working Groups
on Cardiac Pacing, Arrhythmias, and Cardiac Cellular Electro-
physiology of the European Society of Cardiology. 2018; 20:
706-711.

Ho SY. Normal and Abnormal Atrial Anatomy Relevant to
Atrial Flutters: Areas of Physiological and Acquired Conduc-
tion Blocks and Delays Predisposing to Re-entry. Cardiac Elec-
trophysiology Clinics. 2022; 14: 375-384.

Becker AE. Left atrial isthmus: anatomic aspects relevant for
linear catheter ablation procedures in humans. Journal of Car-
diovascular Electrophysiology. 2004; 15: 809-812.

Piorkowski C, Kronborg M, Hourdain J, Piorkowski J, Kirstein
B, Neudeck S, et al. Endo-/Epicardial Catheter Ablation of
Atrial Fibrillation: Feasibility, Outcome, and Insights Into Ar-
rhythmia Mechanisms. Circulation. Arrhythmia and Electro-
physiology. 2018; 11: e005748.

Sakamoto Y, Lockwood D, Yamaguchi R, Yoshimoto D, Suzuki
T, Ho SY, et al. Systematic Evaluation of High-Resolution Acti-
vation Mapping to Identify Residual Endocardial and Epicardial
Conduction Across the Mitral Isthmus. JACC. Clinical Electro-
physiology. 2021; 7: 292-304.

Cho Y, Lee W, Park EA, Oh 1Y, Choi EK, Seo JW, et al. The
anatomical characteristics of three different endocardial lines in
the left atrium: evaluation by computed tomography prior to
mitral isthmus block attempt. Europace: European Pacing, Ar-
rhythmias, and Cardiac Electrophysiology: Journal of the Work-
ing Groups on Cardiac Pacing, Arrhythmias, and Cardiac Cel-
lular Electrophysiology of the European Society of Cardiology.
2012; 14: 1104-1111.

Dang S, Wang RX, Jons C, Jacobsen PK, Pehrson S, Chen X.
Comparison of the Anterior Septal Line and Mitral Isthmus Line
for Perimitral Atrial Flutter Ablation Using Robotic Magnetic
Navigation. Journal of Interventional Cardiology. 2022; 2022:
1793590.

Tzeis S, Luik A, Jilek C, Schmitt C, Estner HL, Wu J, et al. The
modified anterior line: an alternative linear lesion in perimitral
flutter. Journal of Cardiovascular Electrophysiology. 2010; 21:
665-670.

Ammar S, Luik A, Hessling G, Bruhm A, Reents T, Semmler V,
et al. Ablation of perimitral flutter: acute and long-term success
of the modified anterior line. Europace: European Pacing, Ar-
rhythmias, and Cardiac Electrophysiology: Journal of the Work-
ing Groups on Cardiac Pacing, Arrhythmias, and Cardiac Cel-
lular Electrophysiology of the European Society of Cardiology.
2015; 17: 447-452.

Ip JE, Cheung JW, Liu CF, Thomas G, Markowitz SM, Lerman
BB. Biatrial Tachycardia: Distinguishing Between Active and
Passive Activation. Circulation. Arrhythmia and Electrophysi-
ology. 2016; 9: e003175.

Kitamura T, Martin R, Denis A, Takigawa M, Duparc A, Rollin
A, et al. Characteristics of Single-Loop Macroreentrant Biatrial
Tachycardia Diagnosed by Ultrahigh-Resolution Mapping Sys-
tem. Circulation. Arrhythmia and Electrophysiology. 2018; 11:
e005558.

Mikhaylov EN, Mitrofanova LB, Vander MA, Tatarskiy RB,
Kamenev AV, Abramov ML, et al. Biatrial tachycardia follow-
ing linear anterior wall ablation for the perimitral reentry: inci-
dence and electrophysiological evaluations. Journal of Cardio-
vascular Electrophysiology. 2015; 26: 28-35.

Lai Y, Guo Q, Sang C, Gao M, Huang L, Zuo S, et al. Revisiting
the characteristics and ablation strategy of biatrial tachycardias:
a case series and systematic review. Europace: European Pac-
ing, Arrhythmias, and Cardiac Electrophysiology: Journal of the
Working Groups on Cardiac Pacing, Arrhythmias, and Cardiac

13


https://www.imrpress.com

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

14

Cellular Electrophysiology of the European Society of Cardiol-
ogy. 2023; 25: 905-913.

Takigawa M, Vlachos K, Martin CA, Bourier F, Denis A, Kita-
mura T, et al. Acute and mid-term outcome of ethanol infusion of
vein of Marshall for the treatment of perimitral flutter. Europace:
European Pacing, Arrhythmias, and Cardiac Electrophysiology:
Journal of the Working Groups on Cardiac Pacing, Arrhythmias,
and Cardiac Cellular Electrophysiology of the European Society
of Cardiology. 2020; 22: 1252-1260.

Nakashima T, Pambrun T, Vlachos K, Goujeau C, André C,
Krisai P, et al. Impact of Vein of Marshall Ethanol Infusion on
Mitral Isthmus Block: Efficacy and Durability. Circulation. Ar-
rhythmia and Electrophysiology. 2020; 13: ¢008884.

Gillis K, O’Neill L, Wielandts JY, Hilfiker G, Almorad A, Ly-
cke M, et al. Vein of Marshall Ethanol Infusion as First Step for
Mitral Isthmus Linear Ablation. JACC. Clinical Electrophysiol-
ogy. 2022; 8: 367-376.

Baez-Escudero JL, Morales PF, Dave AS, Sasaridis CM, Kim
YH, Okishige K, et al. Ethanol infusion in the vein of Mar-
shall facilitates mitral isthmus ablation. Heart Rhythm. 2012; 9:
1207-1215.

Valderrabano M, Peterson LE, Swarup V, Schurmann PA,
Makkar A, Doshi RN, et al. Effect of Catheter Ablation With
Vein of Marshall Ethanol Infusion vs Catheter Ablation Alone on
Persistent Atrial Fibrillation: The VENUS Randomized Clinical
Trial. JAMA. 2020; 324: 1620-1628.

Takagi T, Pambrun T, Nakashima T, Vlachos K, André C, Kri-
sai P, et al. Significance of manifest localized staining during
ethanol infusion into the vein of Marshall. Heart Rhythm. 2021;
18: 1057-1063.

Kawaguchi N, Tanaka Y, Okubo K, Tachibana S, Nakashima E,
Takagi K, et al. Effect of radiofrequency and ethanol ablation on
epicardial conduction through the vein of Marshall: How to de-
tect and manage epicardial connection across the mitral isthmus.
Heart Rhythm. 2022; 19: 1255-1262.

Laredo M, Ferchaud V, Thomas O, Moubarak G, Cauchemez B,
Zhao A. Durability of Left Atrial Lesions After Ethanol Infu-
sion in the Vein of Marshall. JACC. Clinical Electrophysiology.
2022; 8: 41-48.

He Z, Yang L, Bai M, Yao Y, Zhang Z. Feasibility, efficacy,
and safety of ethanol infusion into the vein of Marshall for atrial
fibrillation: A meta-analysis. Pacing and Clinical Electrophysi-
ology: PACE. 2021; 44: 1151-1162.

Valderrabano M, Liu X, Sasaridis C, Sidhu J, Little S, Khoury
DS. Ethanol infusion in the vein of Marshall: Adjunctive ef-
fects during ablation of atrial fibrillation. Heart Rhythm. 2009;
6: 1552-1558.

Lador A, Peterson LE, Swarup V, Schurmann PA, Makkar A,
Doshi RN, et al. Determinants of outcome impact of vein of Mar-
shall ethanol infusion when added to catheter ablation of per-
sistent atrial fibrillation: A secondary analysis of the VENUS
randomized clinical trial. Heart Rhythm. 2021; 18: 1045-1054.
Derval N, Duchateau J, Denis A, Ramirez FD, Mahida S, André
C, et al. Marshall bundle elimination, Pulmonary vein isolation,
and Line completion for ANatomical ablation of persistent atrial
fibrillation (Marshall-PLAN): Prospective, single-center study.
Heart Rhythm. 2021; 18: 529-537.

LaiY, Liu X, Sang C, Long D, Li M, Ge W, et al. Effectiveness of
ethanol infusion into the vein of Marshall combined with a fixed
anatomical ablation strategy (the “upgraded 2C3L” approach)
for catheter ablation of persistent atrial fibrillation. Journal of
Cardiovascular Electrophysiology. 2021; 32: 1849-1856.

Liu XX, Liu Q, Lai YW, Guo Q, Bai R, Long DY, et al. Prospec-

[79]

[80]

(81]

[82]

(83]

[84]

[85]

[86]

(87]

[88]

[89]

[90]

[91]

tive randomized comparison between upgraded ‘2C3L’ vs. PVI
approach for catheter ablation of persistent atrial fibrillation:

PROMPT-AF trial design. American Heart Journal. 2023; 260:
34-43.

Lador A, Valderrabano M. B-P005-066 Vein of Marshall Alco-
hol in Repeat Ablation of Persistent Atrial Fibrillation (Mars-
Af). Heart Rhythm. 2021; 18: S398.

Valderrabano M. Vein of Marshall ethanol infusion in the treat-
ment of atrial fibrillation: From concept to clinical practice.
Heart Rhythm. 2021; 18: 1074-1082.

Kitamura T, Vlachos K, Denis A, Andre C, Martin R, Pambrun
T, et al. Ethanol infusion for Marshall bundle epicardial con-
nections in Marshall bundle-related atrial tachycardias follow-
ing atrial fibrillation ablation: The accessibility and success rate
of ethanol infusion by using a femoral approach. Journal of Car-
diovascular Electrophysiology. 2019; 30: 1443—1451.

Ishimura M, Yamamoto M, Himi T, Kobayashi Y. Durability of
mitral isthmus ablation with and without ethanol infusion in the
vein of Marshall. Journal of Cardiovascular Electrophysiology.
2021; 32: 2116-2126.

Kamakura T, Derval N, Duchateau J, Denis A, Nakashima T,
Takagi T, et al. Vein of Marshall Ethanol Infusion: Feasibility,
Pitfalls, and Complications in Over 700 Patients. Circulation.
Arrhythmia and Electrophysiology. 2021; 14: ¢010001.
Valderrabano M, Chen HR, Sidhu J, Rao L, Ling Y, Khoury DS.
Retrograde ethanol infusion in the vein of Marshall: regional
left atrial ablation, vagal denervation and feasibility in humans.
Circulation. Arrhythmia and Electrophysiology. 2009; 2: 50-56.
Kitamura T, Vlachos K, Denis A, Andre C, Martin R, Pambrun
T, et al. Ethanol infusion for Marshall bundle epicardial con-
nections in Marshall bundle-related atrial tachycardias follow-
ing atrial fibrillation ablation: The accessibility and success rate
of ethanol infusion by using a femoral approach. Journal of Car-
diovascular Electrophysiology. 2019; 30: 1443-1451.
Kamakura T, André C, Duchateau J, Nakashima T, Nakatani Y,
Takagi T, et al. Distribution of atrial low voltage induced by vein
of Marshall ethanol infusion. Journal of Cardiovascular Electro-
physiology. 2022; 33: 1687—1693.

Takigawa M, Ikenouchi T, Goya M, Shigeta T, Miyazaki S,
Sasano T. Arrhythmogenic epicardial LA-PV connection at the
peri-oesophageal posterior LA is safely and effectively blocked
by ethanol infusion to the vein of Marshall. Europace: European
Pacing, Arrhythmias, and Cardiac Electrophysiology: Journal of
the Working Groups on Cardiac Pacing, Arrhythmias, and Car-
diac Cellular Electrophysiology of the European Society of Car-
diology. 2023; 25: euacl95.

Takagi T, Derval N, Pambrun T, Nakatani Y, André C, Ramirez
FD, et al. Optimized Computed Tomography Acquisition Proto-
col for Ethanol Infusion Into the Vein of Marshall. JACC. Clin-
ical Electrophysiology. 2022; 8: 168—178.

Kronzon I, Tunick PA, Jortner R, Drenger B, Katz ES, Bern-
stein N, et al. Echocardiographic evaluation of the coronary si-
nus. Journal of the American Society of Echocardiography: Of-
ficial Publication of the American Society of Echocardiography.
1995; 8: 518-526.

Leyton-Mange JS, Tandon K, Sze EY, Carpenter CM, Sessel-
berg HW. The Maine vein of Marshall ethanol experience: learn-
ing curve and safety. Journal of Interventional Cardiac Electro-
physiology: an International Journal of Arrhythmias and Pacing.
2023; 66: 661-671.

Cappato R, Calkins H, Chen SA, Davies W, lesaka Y, Kalman J,
et al. Delayed cardiac tamponade after radiofrequency catheter
ablation of atrial fibrillation: a worldwide report. Journal of the
American College of Cardiology. 2011; 58: 2696-2697.

&% IMR Press


https://www.imrpress.com

	1. Introduction
	Anatomy of the LOM — Musculature, Veins and Neurons

	2. Role of the LOM as a Focus for AF
	3. Role of the LOM as a Substrate for AF 
	4. Role of the LOM as a Substrate for AT
	5. Radiofrequency Ablation to the LOM
	6. (i) EI-VOM: Impact on MI Ablation
	6. (ii) EI-VOM: Impact on AF Ablation
	7. Main Approaches for EI-VOM
	8. Various Distribution of the VOM
	9. Complications of EI-VOM
	10. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

