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Ethanol Induction of Complete Heart Block in Swine1
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Objectives. A method for the induction of complete
heart block (CHB) by ethanol injection and its success
rate in a pig model of acute right ventricular failure is
reported. Additionally, a review of the literature for the
induction of CHB in laboratory animals is detailed. The
literature review was undertaken to both compare our
rate of success with other methods and provide insight
into our technique and refine its implementation.

Background. Animal models of CHB have facilitated
the understanding of therapeutics for various cardiac
pathologies in humans. In our laboratory, CHB in pigs
is used for complete control of heart rhythm in studies
of biventricular pacing.

Materials and methods. Experiments carried out on
pigs in our laboratory that required the induction of
CHB were reviewed retrospectively. In addition, re-
view of the literature for creating CHB in animals was
undertaken. Our success rate was compared to that of
other groups.

Results. Our success rate (93%) is similar to other mod-
els of CHB, in general, and to those models that used the
injection of caustic substances with thoracotomy.

Conclusions. Review of the literature indicates that
our success rate is comparable to other groups and
that, although many approaches have been described
in both open- and closed-chest models, success is likely
dependent on the practice and skill of the experi-
menter. In addition, review of the literature has af-
forded us new perspectives on the experimental in-
duction of CHB. © 2006 Elsevier Inc. All rights reserved.
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INTRODUCTION

Atrioventricular (AV) nodal ablation is used in select
patients with persistent supraventricular tachyarrhyth-
mias that are refractory to pharmacological therapy [1],
or when drug therapy is not tolerated, or contraindicated
[2]. Originally, this could only be completed with thora-
cotomy [3]. Currently, however, complete heart block
(CHB) is most regularly achieved by means of radio-
frequency ablation [4] and cryoablation [5]. Animal
models of CHB have provided the foundations for ther-
apeutic AV node ablation in humans [1, 6, 7]. In addi-
tion, the creation of CHB in animals has facilitated
understanding of pharmacological and electrophysio-
logical therapeutics for various cardiac pathologies in
humans [8–10]. In our laboratory, CHB in pigs is used
for complete control of heart rhythm in studies of
biventricular pacing [11]. Experimental induction of
heart block in animals is, therefore, a worthy subject
for critique and review.

When our studies began, no experience with open-
chest induction of CHB in pigs had been reported. The
pig heart approximates the size of the human heartand
it is anatomically and functionally similar as well [12].
Further, our lab has many years of experience with
this species.

Because our studies have required the placement of
epicardial pacing leads and aortic or pulmonary flow
probes, thoracotomy is a prerequisite in our methodol-
ogy. We have, therefore, chosen a simple and reliable
injection approach to the induction of CHB. This tech-
nique is based on a method introduced in 1968 by
Steiner and Kovalik in dogs [13]. Briefly, their method
requires thoracotomy, pericardotomy, and the injection of

40% formaldehyde from a tuberculin syringe through a
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25-gauge needle bent roughly 60o at the base. The
needle is passed between the right atrial appendage
and the aorta toward the apex of the heart. With small
modifications, their approach was used on 29 pigs by a
surgeon (G.B.) from our laboratory.

MATERIALS AND METHODS

Experiments carried out on pigs that required the induction of
CHB were reviewed retrospectively. The experiments were con-

FIG. 1. Representative lead II EKG tracing during the induction
of complete heart block (CHB). In this particular animal, atrial pacing
was initiated prior to CHB induction. Atrioventricular dissociation
was noted transiently (transient CHB) due to needle trauma at the
atrioventricular node. Following aspiration and injection of 100%
ethanol, CHB was achieved as evidenced by atrial pacing with no
ventricular activity. Biventricular pacing (BiVP) was then initiated.

TAB

Induction wit

Authors Year Method Prep

Erlanger and Blackman (14) 1909 Crushing Dog
Boucher et al. (14) 1985
Taufic (15) 1955 (�Crushing) Dog
Starzl and Gaertner (16, 17) 1955 Section
Connolly et al. (18) 1965 (�Cautery)
Taufic (15) 1955 Ligature Dog
Steiner and Kovalik (13) 1968 Formaldehyde

injection
Dog

Day and Muir (replication of
Steiner and Kovalik) (35)

1991

Day and Muir (35) 1991
Lee et al. (36) 1998 Ethanol

injection
Rat

MacDonald (19) 1967 Cautery Dog
Shiang et al. (20) 1977
Klein et al. (21) 1985 Cryoablation Dog
Tanaka et al. (22) 1993
Imura (23) 1995

Note. Table modified from Boucher and Duchene-Marullaz (14).
Prep � animal model utilized; no. of ops � number of operations; P

Success rate � percentage of animals in postoperative complete hear

greater than 7 days; Postop period � number of days animals were foll
ducted over the course of 2 years. All animals received humane care
in compliance with the “Guide for the care and use of Laboratory
animals” formulated by the National Research Council. In addition,
the experiments were approved by the Institutional Animal Care
and Use Committee of Columbia University (New York, NY).

In total, 29 domestic pigs weighing between 35 and 45 kg were
operated on. Anesthesia was induced by injection of ketamine (20 mg/
kg), xylazine (0.5 mg/kg), and atropine (0.02 mg/kg) and was main-
tained by inhaled isoflurane (1.5–2.5%). The animals were intubated
and ventilated at a tidal volume of 10 ml/kg at a rate of 12 breaths/
min. A standard median sternotomy was carried out, followed by
pericardiotomy. Traction sutures were placed about the free edges of
the pericardium to expose and support the heart. Lidocaine was
administered as an initial IV bolus (2–4 mg/kg) and administered
continuously at 50 �g/kg/min for arrhythmia prophylaxis. Pacing
leads were sewn into the myocardium of the right ventricular outflow
tract and the inferomedial aspect of the left ventricle, and a pacing
clip was attached to the right atrial appendage. In a manner similar
to Steiner and Kovalik, a 23-gauge needle, bent 60o at the base, was
attached to a tuberculin syringe and filled with 0.5 ml 100% ethanol.
The audio of the EKG monitor was raised to hear any transient
induction of heart block caused by mechanical effects of the needle.
To locate the site of injection, the third digit of the surgeon’s free
hand was placed on the right atrial appendage, and the index finger
was placed on the right side of the aorta. Moving the right atrial
appendage laterally exposed the groove between the right atrium
and the aortic root. The needle was then advanced through the
atrial tissue parallel to the aorta in the direction of the apex of the
heart. Usually, the AV node was located at a depth of 0.3 to
0.8 cm in a posterior direction. Upon induction of transient heart
block, aspiration of the needle was carried out (Fig. 1). If aspiration
returned blood, the needle was withdrawn and redirected. Lack of
blood on aspiration indicated that the needle had not entered the
atrial chamber, and 0.1 to 0.2 ml of ethanol was injected. Lead II of
the EKG was monitored and, if there were no apparent changes in

1

horacotomy

No. of
ops

Postop
CHB

Success
rate (%)

Chronic CHB
(�1 week)

Postop
period
(days)

13 6 46 4 7–343
133 119 89 80 8–3870

8 4 50 0 —
12 12 100 11 42–280
10 8 80 7 150–578
5 3 60 2 90

11 9 81 9 14–56

10 7 70 6 ?

20 20 100 — —
28 23 82 9/10 (separate

group)
7

15 15 100 14 ?
5 5 100 5 7–56
6 5 83 5 30

11 11 100 — —
10 10 100 — —

op CHB � number of animals in postoperative complete heart block;
lock; Chronic CHB � number of animals in complete heart block for
LE

h T

ost
t b
owed before death/sacrifice.
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the EKG, the procedure was repeated. The cumulative amount of
ethanol required to establish CHB, on average, ranged from 0.1 to
0.4 ml. With no apparent consensus in the literature regarding the
concentration of ethanol, 100% ethanol was used to ensure the most
complete ablation with minimal aliquot volume. Achievement of
CHB was followed by the initiation of biventricular pacing.

RESULTS

In 27 of the 29 operations, CHB was achieved. In two
of the pigs, ventricular fibrillation occurred after eth-
anol injection, and CHB was not achieved. Induction of
CHB was considered successful if we were able to
maintain atrioventricular dissociation and carry out
the experiment without hemodynamic compromise in
this model. Our investigations of biventricular pacing
have been carried out using a model of acute right
heart failure; this model is created by snaring the
pulmonary artery and doubling the right ventricular
pressure. Our success rate (93%) is comparable to the
rates achieved by other investigators using the injec-
tion method with thoracotomy (see Table 1).

DISCUSSION

The inception of the animal model of CHB occurred
in the early 20th century when Fredericq crushed the

TAB

Induction T

Authors Year Method Prep No

Fisher et al. (24) 1966 Formaldehyde
injection

Dog

Turina et al. (37) 1968 Dog

Aizawa et al. (41) 1985 Ethanol
injection

Dog

Murata (27) 1986 Dog
Wang et al. (39) 1992 AV nodal artery

ethanol
infusion

Dog

Gonzales et al. (25) 1981 DC ablation Dog
Bardy et al. (26) 1983
Murata (27) 1986
Narula et al. (28) 1985 Laser ablation Dog 2/6
Weber et al. (29) 1996 Dog 5 H

5 AV
Huang et al. (1) 1987 Radiofrequency

ablation
Dog

Wright et al. (30) 1996
Lopez-Merino et al. (31) 1989

Rodriguez et al. (32) 1998
Rodriguez et al. (32) 1998 Cryoablation Dog
Gillette et al. (33) 1991 Pig
Fujino et al. (34) 1993 Pig

Note. Table modified from Boucher and Duchene-Marullaz (14).
Prep � animal model utilized; No. of ops � number of operations; P

Success rate � percentage of animals in postoperative complete hear

greater than 7 days; Postop period � number of days animals were foll
AV node with forceps after right atriotomy in the ca-
nine [14]. Since this time, numerous methods of induc-
ing CHB have been reported. Originally, AV ablation
was carried out with thoracotomy and sectioning of
the AV junction [15–18]. Later, cautery [19, 20] and
cryoablation [21–23] were used to create CHB with
thoracotomy. In 1966, Fisher et al. introduced a
closed-chest ablation model in dogs by injecting
formaldehyde into the AV node through a catheter
[24]. The evolution of catheter-based techniques pro-
gressed with the use of direct-current ablation [7,
25–27], laser ablation [28, 29], radiofrequency abla-
tion [1, 30 –32], and cryoablation [33, 34]. Further,
both open- and closed-chest models of CHB have
been achieved by means of injecting caustic sub-
stances [13, 27, 35–37]. Novel methods of AV oblit-
eration and modification have been introduced such
as AV nodal artery infusion of ethanol [38, 39] and,
more recently, gene transfer [40].

A review of the success rates of immediate postoper-
ative induction of CHB in open- and closed-chest mod-
els is presented (Tables 1 and 2). As reported by
Boucher and Duchene-Marullaz, no single method ap-
pears best as success depends, to a great extent, on the

2

nsvenously

f ops Postop CHB
Success
rate (%)

Chronic CHB
(�1 week)

Postop
period
(days)

24 63 19 2–14

10/11 91 12/13 (separate
group)

8–64

6 100 — —

7 77 7 21
5 55 5 28

9 90 9 90
10 100 5 28
5 83 5 21

dose 2 100 2 28
undle
ode

5 His bundle
5 AV node

100 3/5 at His bundle
3/5 at AV node

210–315

11 84 9 4–7

2 20 8 30
18/18 100 8/8 (10 sacrificed

after CHB
induction)

90

2 100 2 42
6 100 4 42
5 80 — —
8 100 5 42

op CHB � number of animals in postoperative complete heart block;
lock; Chronic CHB � number of animals in complete heart block for
LE
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skill and experience of the surgeon [14]. The closed-
chest approach has the advantage of decreasing com-
plications associated with thoracotomy; however, it
also requires expensive equipment and specialized
skill. Thoracotomy is a much simpler approach and
may be the appropriate choice if the experiment re-
quires epicardial monitoring, and/or insertion of intra-
cardiac catheters [14].

The methods for inducing CHB in animals, espe-
cially in the canine model, have become increasingly
diverse over the last century. A review of the data
suggests that the methodology chosen should be driven
by the specifics of the investigation. In our model, the
swine heart is fully exposed to investigate site and
timing effects of biventricular pacing on various hemo-
dynamic variables and measures of ventricular syn-
chrony. For this reason, the technique of Steiner and
Kovalik was adapted to the pig heart. Importantly,
review of the literature has provided insight into our
methods. For example, Aizawa et al. used absolute
ethanol as the sclerosing agent to prevent inadvertent
systemic injection of formaldehyde. Further, they used
small amounts of xylocain to induce temporary heart
block prior to alcohol injection [41]. We intend to test
this method with the open-chest model in future inves-
tigations.

Day and Muir modified the technique of Steiner and
Kovalik [35]. Similar to Fisher et al. [24], Day and Muir
used momentary cessation of AV conduction and lack
of blood on aspiration as confirmation of needle place-
ment [35]. We used a similar technique with the audio
output of the EKG, in addition to visual monitoring for
CHB. Day and Muir also suggested that injection arti-
fact can be reduced by switching off the ventilator at
the time of ablation [35]. This may be particularly
useful on animals where CHB requires multiple injec-
tions as inadvertent injection either too far dorsally or
too far ventrally will fail to ablate the AV node [35] and
cause inadvertent myocardial damage.

It is noteworthy that in the majority of our opera-
tions, the induction of CHB was followed by a transient
drop in left ventricular pressure that returned with the
initiation of biventricular pacing. This may be a
species-specific response in pigs and has been found by
others [42]. As well, the induction of CHB required
immediate pacing due to cessation of ventricular con-
traction. Similarly, the chronic model of CHB in pigs
listed in Table 1 also required the implantation of a
permanent pacemaker [34]. Dogs, by contrast, are able
to survive in CHB without external pacing as they are
able to maintain a slow ventricular rhythm [13, 31, 35].

In conclusion, we describe a highly successful tech-
nique for producing CHB in an open-chest model of
swine. It is an adaptation of the method originally

outlined by Steiner and Kovalik. Review of the litera-
ture has modified our approach and will continue to do
so as we further refine our model of study.
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