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Abstract

Introduction—Ethanol infusion was an early mode of ablative treatment for cardiac arrhythmias.
Its initial descriptions involved coronary intra-arterial delivery, targeting arrhythmogenic
substrates in drug-refractory ventricular tachycardia or the atrioventricular node. Largely
superseded by radiofrequency ablation (RFA) and other contact-based technologies as a routine
ablation strategy, intracoronary arterial ethanol infusion remains as an alternative option in the
treatment of ventricular tachycardia when conventional ablation fails. Arrhythmic foci that are
deep-seated in the myocardium may not be amenable to catheter ablation from either the
endocardium or the epicardium by RFA, but they can be targeted by an ethanol infusion.

Recent findings—Recently, we have explored ethanol injection through cardiac venous
systems, in order to avoid the risks of complications and limitations of coronary arterial
instrumentation. Vein of Marshall ethanol infusion is being studied as an adjunctive procedure in
ablation of atrial fibrillation, and coronary venous ethanol infusion for ventricular tachycardia.

Conclusion—Ethanol ablation remains useful as a bail-out technique for refractory cases to

RFA, or as an adjunctive therapy that may improve the efficacy of catheter ablation procedures.
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INTRODUCTION

Radiofrequency ablation (RFA) has become the standard of care for catheter ablation of
cardiac arrhythmias. Other ablative technologies are available depending on the tissue being
targeted, and include cryoablation, [1] laser [2], and high-intensity focused ultrasound [3],
among others. Common to all is the requirement of some degree of contact between an
intracardiac catheter and a destructive energy of physical nature. The historical evolution of
catheter ablation, however, commenced with the concept of delivering a cytotoxic agent
through the arterial vasculature, supplying the targeted myocardium, which was pioneered in
Zipes’ laboratory [4,5]. The most common type of alcohol utilized for this purpose is
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ethanol, which is highly cytotoxic and has multiple other uses in humans. Today,
arrhythmogenic foci that are deep-seated in the myocardium and are not amenable to
catheter ablation from either the endocardium or the epicardium using contact-based
physical forms of ablative energy can still be targeted with intravascular ethanol injection.

The purpose of this review is to discuss the basic principles of ethanol ablation, summarize
the clinical results achieved to date, and propose future implications.

ETHANOL MECHANISMS OF ACTION, DOSE, AND RATE OF INFUSION

Ethanol (CH3CH,OH) is a short-chain alcohol, water-soluble compound that rapidly crosses
the cell membranes. When cells are exposed to high concentrations, ethanol solubilizes the
cell membranes and alters the tertiary protein structures, leading to immediate cell
destruction [6,7]. Most of the fluid membranes, including those that are low in cholesterol,
are the most easily solubilized by ethanol. Ethanol interferes with the packing of molecules
in the phospholipid bilayer of the cell membrane, thus increasing membrane fluidity. At
lower concentrations, such as those achieved after oral intake, cytotoxicity is less immediate.
The nonoxidative metabolism of alcohol with the formation of phosphatidilethanol and fatty
acid alcohol ester disrupt the intracellular signal transduction. Impairment of intracellular
transduction, degradation of proteins, and mitochondrial injury are other mechanisms
associated with the cytotoxicity of short-chain alcohols [6]. Production of reactive oxygen
species like superoxide anion, lipid peroxy radical, and alcohol radicals attached amines and
sulfhydryl groups, which degrade proteins and cytochromes [8]. A variety of mechanisms
may account for the biochemical alterations of mitochondria that are induced by alcohols.
These effects are related to the hydrophobicity of the alcohols and are accompanied by
decreases in mitochondrial ATPase activity [9]. Although effects of ethanol to decrease
mitochondrial function and depress energy balance within the liver are clear, such effects in
cardiac mitochondria are not well studied. Data are lacking that indicate the effect of ethanol
on heart mitochondria, but its association has been reported with ethanol-induced
cardiomyopathy [10], and it may not be significant in the acute setting [11].

Absolute ethanol was first reported in the anesthesiology literature for the purposes of pain
control, using a trans-sphenoidal injection approach to ethanol-induced hypophysectomy
[12-15]. Although the exact mechanisms of neuro-adenolysis of the pituitary for cancer pain
control remained unclear, autopsy studies revealed necrosis of the pituitary gland [12].
Ethanol-induced neurolysis remains a valuable therapeutic strategy for intractable cancer
pain [16], and it is under this indication that it is labeled in the manufacturer’s package
insert. The strategy of using intra-arterial ethanol infusion for tissue ablation was developed
for ablating renal tissue. It was observed that absolute ethanol injected into the renal artery
at a rate approximating renal arterial blood flow, distributed rapidly to the renal parenchyma,
causing cell necrosis [12,15].

The cytotoxicity of ethanol at intravascular concentrations can be attributed to various
mechanisms. Ethanol, when injected at slower rates — at which it is assumed to undergo
some degree of dilution — produces denaturation of erythrocytes; activation of the
coagulation cascade and thrombosis; aberrations in phospholipid and fatty acid metabolism;
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changes in the cellular redox state; disruption of energy state; and an increase of reactive
metabolites [6]. The optimal ethanol concentration and rate of infusion for arrhythmia
ablation are controversial and have yet to be clarified. Additionally, vascular damage with
sclerosis of the injected vessel follows routinely after infusion, and therefore, with intra-
arterial infusions, tissue ischemia and infarction of the injected territory are expected to play
a role in ethanol’s therapeutic effect.

ATRIOVENTRICULAR NODAL ABLATION WITH ETHANOL

In humans, the atrioventricular nodal (AVN) artery can arise from either the right coronary
artery (most common) or the left circumflex artery. Selective cannulation of the readily
identifiable AVN artery is possible. Brugada et al. [17] were the first to demonstrate
termination of atrioventricular re-entry by cannulating the AVN artery and infusing cold
saline into it. Proof-of-concept canine studies showed AVN block after absolute ethanol
infusion in the AVN artery [18]. The feasibility of achieving complete, durable AVN block
by ethanol infusion in the AVN artery was then proven in six patients [12]. After selective
engagement of the AVN artery, isotonic cold saline infusion was shown to produce transient
AVN block, confirming irrigation of the AVN by the target vessel (see Fig. 1). The usual
dose implemented for AVN ablation with selective intracoronary injection was ethanol 95%,
as a bolus of 0.5-2 ml per dose over 1-4 s and up to three times. Efficacy and safety of
AVN ablation with ethanol was rapidly confirmed by other groups [19,20], although the
long-term success appeared to be variable [18-21]. The rate of success ranges between 58
and 72%. If acute success is not achieved with an initial ethanol infusion, a repeat ablation
may be attempted, but it could be technically challenging due to occlusion of the AVN
artery after the first procedure. The durability of the lesion originated by this method was
studied in 1991 by de Swart et al. Eleven patients were followed for 10 months, three of
which regained AVN conduction within the first 30 days [18]. Predicting the degree of AVB
or recovery of AVN function over time was not possible, even by carefully controlling the
infusion rate and ethanol concentration. Slow pathway ablation for AVN or AVN
modification was reported in dogs by using slow ethanol infusions or diluted ethanol (25 or
50%) [20], but the inability to predict complete atrioventricular block with this technique
would make it unsuitable for AVN re-entry. Table 1 summarizes the reported results of
ethanol ablation of the AVN.

With the advent of transvenous (endocardial) catheter ablation of the AVN, ablation or
modification of the AVN conduction by selective AVN artery ethanol infusion was largely
abandoned. It remained as a suitable option when standard catheter approaches were not
possible as in tricuspid atresia [22]. It seemed to be a well tolerated procedure in individuals
treated in experienced centers. Described complications are: chest pain, myocardial
infarction, coronary artery spasm, and occlusion or dissection of the targeted vessel.
Currently, intracoronary ethanol for the ablation of the AVN is of historical interest, given
the high success rates of radiofrequency [23] and other technologies such as cryoablation
[10].
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VENTRICULAR TACHYCARDIA ABLATION WITH ETHANOL

The first successful ventricular tachycardia ablation with ethanol was reported in dogs by
Chilson et al. [5] in 1986 and transcoronary by Inoue et al. [4] in 1987, both in Zipes’
animal laboratory. In their animal study, focal ventricular tachycardia induced by
intramyocardial injection of aconitine was suppressed by ethanol (at least 50%
concentration) or phenol injection delivered into the artery supplying the aconitine-injected
myocardial tissue. Successful ventricular tachycardia elimination was correlated with
myocardial necrosis and arterial thrombus formation, which were not achieved by lower
(25%) ethanol concentrations. In 1988, Brugada et al. [17] described the first clinical
observation showing the effect of a focal ventricular tachycardia temporary with termination
after transvascular interventions such as occlusion of a vessel or rapid ice-cold saline
injection. This observation was followed by the demonstration of an effective cure of
ventricular tachycardia by intracoronary ethanol infusion in three patients who had remained
in incessant ventricular tachycardia refraction to multiple treatment modalities [24] (see Fig.
2). Kay et al. [25] prospectively evaluated the clinical utility of intra-arterial ethanol
infusion for ventricular tachycardia in 23 patients. They found that ventricular tachycardia
could be terminated by injections of saline solution or contrast medium in 11 of the 21
patients in whom the protocol could be completed. Ethanol was infused in 10 of these
patients and led to acute elimination of ventricular tachycardia inducibility in 90% of them
[25]. After repeating the electrophysiology study, inducibility recovered in two other
patients, yielding an overall success of 70%. Associated complications included complete
atrio-ventricular block in four patients (40%) and pericarditis in one patient. Initial ethanol
dose and concentration (“absolute’ or 96-98%) appeared to be arbitrarily selected. Haines et
al. [26] performed a systematic study in dogs addressing these issues, testing different
concentrations (0, 10, 25, 50, 75, and 100%): as the ethanol concentration increased, the
ablation vessels were more persistently occluded and the size of identifiable myocardial
lesions is increased significantly with increasing ethanol concentration, although there was
significant variability within groups. Table 2 summarizes the reported results of ethanol
ablation of ventricular tachycardia.

In the current ablation era, ethanol ablation strategies have been limited to patients with
previously failed RFAs. In a small series of nine such patients, clinical success (freedom
from clinical ventricular tachycardia) of transcoronary ethanol infusion was 67% on long-
term-follow-up, a rate that does not appear radically different to the success rate of
radiofrequency [27]. In the largest experience collected to date of transcoronary ethanol
ablation [28], a total of 27 patients underwent ethanol ablation attempts. In 5 of them, the
coronary anatomy was not suitable. After ethanol ablation in 22 patients, ventricular
tachycardia was no longer inducible in 82% of the patients. Clinical responses were
achieved in 9 out of the 11 patients with ventricular tachycardia storm. However, ventricular
tachycardia recurred in 64% of the patients. Complete atrioventricular block occurred in five
patients. Although far from uniformly effective, ethanol ablation continues to represent a
viable treatment option for patients with prior RFA failures, and periodically, case reports of
the bail-out use of ethanol ablation for ventricular tachycardia refractory to RFA continue to
appear in the literature [29-31]. The success of the procedure critically relies on the accurate
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identification of an arterial branch that supplies the arrhythmogenic ventricular tissue and
the suitability of that branch to selective cannulation.

The targeted arrhythmogenic myocardial territory can have collateral circulation which may
affect the efficacy of the ablation. Once the appropriate vessel is identified, the engagement
should be as distal as possible to avoid injury from side branches. The usual dose is 1-2 ml
of ethanol bolus over 1-4 min, with a balloon inflated up to five times if necessary. In the
literature, noninducibility ventricular tachycardia rates after ethanol ablation range from 56
to 84% [27,32], with a 64% of recurrence for any ventricular tachycardia [28]. Table 2
summarizes the results reported to date using transarterial coronary ethanol infusion for the
treatment of ventricular tachycardia.

Ethanol ablation may also fail to produce a complete lesion and it can leave surviving
myocardial cells that lead to re-entrant circuits and ventricular tachycardia. This
phenomenon has been described following ventricular tachycardia ethanol septal ablation
for hypertrophic obstructive cardio-myopathy [33]. Additional restrictions of the technique
involve areas with severe coronary artery disease — a condition that limits access to the
target vessel in ischemic ventricular tachycardia. Direct intra-myocardial ethanol injection
has been tested in animal models with success [34-37]. The efficacy and safety of this
procedure may change significantly from patient to patient, and is also dependent on the
clinical experience of the practitioner [28,32]. Considering the uncertainties that still remain,
the use in the current medical practice has been reserved to special situations.

USING THE VENOUS ROUTE FOR ETHANOL DELIVERY

There are several important limitations to the transcoronary arterial ethanol delivery for
ventricular tachycardia ablation. Technical difficulties cannulating the target arterial branch
are common (up to 18.5% of attempted patients) [28], and this is a problem that appears
unavoidable, given that in ischemic ventricular tachycardia, obstructive coronary artery
disease is expected in arteries that supply the substrate of ventricular tachycardia. Reflux of
ethanol has been associated with unintended lesion to proximal or surrounding tissue [38].
Slow infusion rates through a catheter properly wedged in a small vessel may reduce the risk
of this complication. Other variables are the size and flow rate of the vessel cannulated,
which would affect the ethanol cytotoxicity [21,29,39]. Additionally, catastrophic
complications derived from complex coronary artery manipulation, such as coronary artery
dissection, can always occur. These issues have led investigators to consider the venous
route for ethanol delivery: retrograde infusions would not be subject to certain limitations of
anterograde delivery through the arterial system.

Ventricular venous ethanol delivery for ventricular tachycardia

Recognizing these limitations of intra-arterial delivery, Inoue et al. [4] had originally
described that coronary sinus phenol infusion in dogs led to ‘considerable’ subendocardial
necrosis, but there were no additional descriptions. Wright et al. [40] explored the retrograde
venous approach in a canine model. Balloon occlusion of the distal anterior inter-ventricular
vein or the distal great cardiac vein was performed and then ethanol was infused at 1.5, 3,
and 5 ml. They found that transmural lesions could be achieved when infused ethanol
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volumes were at least 3 ml, and hypothesized that for smaller volumes, collateral flow via
Thebesian veins into the left ventricular cavity could prevent ethanol from reaching the
capillaries, where its ablative action would reach the myocardial cells.

We recently reported two cases of successful ventricular tachycardia ablation in humans
using this approach [41]. Both patients had idiopathic focal ventricular tachycardia in the
setting of non-ischemic cardiomyopathies and had undergone prior failed RF ablations in
multiple procedures. In the first case, ventricular tachycardia originated from the superior
septal region of the left ventricular outflow tract. Mapping was performed, as routinely
done, using a multipolar catheter in the anterior interventricular vein, where the earliest
activations were found in a septal branch and a pace-map showed a perfect QRS match.
Subsequently, radio-frequency applications were delivered in the vein, as well as in the
adjacent epicardium and the adjacent endocardium, all without success. Given that
cannulation of the anterior interventricular vein — including the first septal branch — had
already been achieved for mapping purposes, cannulation of the first septal branch with an
angioplasty balloon and wire was straightforward. One millilitre of 98% ethanol was
delivered via the angioplasty balloon in the septal branch of the anterior interventricular
vein. After ethanol infusion, ventricular tachycardia was eliminated. A large proximal septal
scar was created as demonstrated by MRI (see Fig. 3). The patient recovered well, but
developed a pleural effusion requiring thoracentesis, which was attributed to Dressler’s
syndrome due to pericardial manipulation. Ventricular tachycardia did not recur on follow-
up. This demonstrated the safety and feasibility of this approach.

A second case of an inferoseptal ventricular tachycardia was targeted successfully
cannulating a septal branch of the middle cardiac vein and infusing ethanol there [41].

Vein of Marshall ethanol infusion for atrial fibrillation

There is a plethora of data supporting the role of the ligament of Marshall in atrial
arrhythmogenesis, including the abundant sympathetic and parasym-pathetic innervation; its
role in ectopic beat generation leading to atrial fibrillation; and its epicardial electrical
connections with the pulmonary veins [42]. Despite these, therapeutic approaches to target
the ligament of Marshall had been limited to epicardial surgical ligation or sectioning of the
ligament. Since the ligament of Marshall continues as an atrial vein [vein of Marshall
(VOM)], connected to the coronary sinus, it is amenable to selective retrograde cannulation
[43]. We demonstrated the feasibility and ablative efficacy of ethanol infusion in the VOM
first in canines and later in humans [38,44].

The VOM is a true atrial vein with capillary connections with the neighboring atrial myo-
cardium [45], which implies that VOM ethanol infusion can lead to myocardial ablation in
the neighboring tissues. We showed the role of VOM in providing epicardial connections to
the left pulmonary veins leading to reconnections and clinical failures of catheter ablation of
atrial fibrillation with pulmonary vein isolation [45]. Additionally, the VOM sits on the
epicardial aspect of the left atrial ridge and the mitral isthmus — a critical region sustaining
perimitral flutter. We showed that VOM ethanol infusion can lead to effective ablation of
this region and cure of perimitral flutter [46]. Finally, we demonstrated that the abundant
para-sympathetic innervation of the VOM and the neighboring atrial epicardium can be
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ablated by VOM ethanol infusion [47™] (see Fig. 4). However encouraging these findings
are, a therapeutic role of VOM ethanol infusion can only be justified if it leads to improved
outcomes in a controlled clinical trial. We are currently conducting an NIH-sponsored
randomized controlled multicenter clinical trial to delineate the possible outcome benefits of
VOM ethanol infusion in persistent atrial fibrillation.

CONCLUSION

Use of ethanol injection for ablation of cardiac arrhythmias is technically complex,
dependent on the cardiac vascular system, and is unlikely that ethanol injection would be
preferred over RFA as a first line of therapy. The complexity of ventricular tachycardia
ablation in the setting of structural heart disease is likely to continue to generate difficult
cases that fail to respond to standard RFA and may benefit from ethanol infusion. In this
setting, transcoronary arterial ethanol has established itself as a potentially useful therapeutic
alternative. The transcoronary venous approach needs further validation, but offers several
theoretical advantages. AVN ablation is solidly achieved by RFA and it is unlikely that
ethanol will be used again for this purpose. The conventional RFA approach to atrial
fibrillation ablation has significant limitations in its mechanistic basis, its technical
feasibility, and, most importantly, its clinical success, particularly in persistent atrial
fibrillation. The VOM appears as a legitimate target to improve outcomes, and ethanol
ablation has a potential clinical use as an adjunctive therapy for standard RFA. Further
ethanol ablation studies are necessary to elucidate its role and clinical implications.
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FIGURE 1.
Ethanol ablation of the atrioventricular node. Panel a shows a right coronary angiogram in

left anterior oblique projection. Atrioventricular nodal artery is indicated by arrow. Panel b
shows selective catheterization of atrioventricular nodal artery with 2.5F catheter (arrow).
Contrast is given showing myocardial staining and no backflow. Panel ¢ shows effects of
contrast material on ventricular rate during atrial fibrillation. Transient complete
atrioventricular block and pacemaker rhythm is observed in right part of
electrocardiographic strip. Leads I, I, and Il are shown. Panel d shows effects of
administration of 0.5 ml 96% ethanol. After a series of premature ventricular beats,
complete atrioventricular block and pacemaker rhythm occur. Panel e shows escape rhythm
after interruption of pacing (from Brugada et al. [18]).
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FIGURE 2.
Ethanol ablation of ventricular tachycardia. Right anterior oblique projection of the

sequential vein graft. Panel a: Before the injection of ethanol, showing all three marginal
branches of the circumflex artery (small arrowheads indicate the tachycardia-related artery,
whereas large arrowhead is the mapping catheter localized on the site of origin of the
tachycardia). Panel b shows immediately after the injection of ethanol, there is total
occlusion of the circumflex (arrowhead). Panel ¢ shows a 14-day follow-up angiogram
showing persistent occlusion of the circumflex with minimal recanalization of the third
marginal branch (arrowhead). Panel d shows termination of ventricular tachycardia
immediately after the injection of ethanol. Left ventricular bipolar recordings obtained from
the distal two poles of the quadripolar mapping electrode, with the catheter placed at the site
of origin of the ventricular tachycardia. Note the marked splitting of the potentials (from
Brugada et al. [24]).
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FIGURE 3.
Coronary venous mapping and ethanol ablation of VT. (a) Activation maps of VT in the

AlIV and in RV and LV cavities. The earliest activation site is shown coming from within
the AlV. (b) Selective venogram of the AlV showed two septal branches. (c) The AlV was
then cannulated with a decapolar catheter, and the distal poles were inserted into the septal
branch. Pace maps were obtained that matched the QRS morphology of the clinical
tachycardia as shown in (f). (d) The septal branch was cannulated with an angioplasty wire
and occluded with a 1.5 6 mm balloon. Ethanol (98%, 1 cm?3) was then injected into the
septal vein. (e) CMR at baseline showed a pre-existing midmyocardial septal area of delayed
enhancement (pre-ethanol) that was significantly expanded after ethanol injection. (f)
Twelve-lead electrocardiogram of the spontaneous VT (left) and paced QRS from the septal
branch of the AIV (right), along with automated calculation of the percentage of similarity
by using Bard software (Bard Electrophysiology, Boston, Massachusetts, USA). AlV,
anterior interventricular vein; CMR, cardiac magnetic resonance; LV, left ventricle; RV,
right ventricle; VT, ventricular tachycardia (from Baher et al. [41]).
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areas (arrowheads). Right heart shows endocardial aspect after incision in the left atrial
appendage. A pale area of discoloration is shown anterior to the left pulmonary veins,
surrounded by small area of tissue hemorrhage (arrowheads) (from Valderrabano et al. [44]
and Dave et al. [45]).
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