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Abstract

Background—Endocardial ablation of atrial ganglionated plexi (GP) has been described for
treatment of atrial fibrillation (AF). Our objective in this study was to develop percutaneous
epicardial GP ablation in a canine model using novel energy sources and catheters.

Methods—Phase 1: The efficacy of several modalities to ablate the GP was tested in an open
chest canine model (n=10). Phase 2: Percutaneous epicardial ablation of GP was done in 6 dogs
using the most efficacious modality identified in phase 1 using 2 novel catheters.

Results—Phase 1: DC in varying doses [blocking (7 -12pA), electroporation (300-500uA),
ablation (3000- 7500uA)], radiofrequency ablation (25-50 W), ultrasound (1.5MHz), and alcohol
(2-5ml) injection were successful at 0/8, 4/12, 5/7, 3/8, 1/5 and 5/7 GP sites. DC (500-5000uA)
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along with alcohol irrigation was tested in phase 2. Phase 2: Percutaneous epicardial ablation of
the right atrium, oblique sinus, vein of Marshall, and transverse sinus GP was successful in 5/6
dogs. One dog died of ventricular fibrillation (VF) during DC ablation at 5000 pA. Programmed
stimulation induced AF in 6 dogs pre-ablation and no atrial arrhythmia in 3, flutter in 1 and AF in
1 post-ablation. Heart rate, blood pressure, effective atrial refractory period and local atrial
electrogram amplitude did not change significantly post-ablation. Microscopic examination
showed elimination of GP, and minimal injury to atrial myocardium.

Conclusion—Percutaneous epicardial ablation of GP using direct current and novel catheters is
safe and feasible and may be used as an adjunct to pulmonary vein isolation in the treatment of
atrial fibrillation in order to minimize additional atrial myocardial ablation.
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Introduction

Methods

Radiofrequency (RF) ablation to isolate the pulmonary veins (PVs) is increasingly used to
treat atrial fibrillation (AF) but is associated with modest recurrence rates.! Hence more
effective adjunctive treatments that restore sinus rhythm are needed.

The intrinsic cardiac autonomic innervation through epicardial ganglionated plexi (GP) has
been implicated in the initiation and maintenance of AF.2- 3 Hence, there has been intense
interest in the ablation of epicardial GP in addition to PV isolation for the treatment of AF.
Procedures developed thus far to target the GP involve either epicardial ablation via cardiac
surgery or endocardial ablation where the atrial myocardium between the ablation source
and the epicardial GP is ablated.4-8 Minimizing damage to atrial myocardium during
extensive ablation of GP may be desirable. Studies of GP ablation to date have utilized RF
energy which can potentially cause thermal injury to adjacent mediastinal structures. The
role of novel ablation techniques such as direct current (DC) electroporation, ultrasound, and
chemical ablation in improving safety and efficacy of GP ablation has not been explored.

The primary aim of this study was to demonstrate feasibility of techniques for percutaneous
epicardial ablation of cardiac GP in a canine model, for the treatment of AF, using novel
energy sources and catheters.

The study was conducted in two phases: In phase 1, the efficacy and safety of different
modalities and energy sources for GP ablation were tested in a canine open chest model. In
phase 2, percutaneous epicardial GP ablation was performed in a closed chest canine model
using two novel catheters and a novel energy source identified in phase 1.

Mongrel dogs, weighing 30 to 40 kg, were anesthetized with ketamine (10 mg/kg i.v.) and
diazepam (0.5 mg/kg i.v.) for induction and isoflurane (1% to 3% continuous inhalation) for
maintenance. Positive pressure ventilation was provided and heart rate (HR) and femoral
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arterial blood pressure (BP) were continuously monitored. Intracardiac bipolar electrograms
filtered at 30 — 500 Hz were electronically recorded using Prucka (GE, Milwaukee, WI)
recording system. The protocol was approved by the Mayo Clinic Institutional Animal Care
and Use Committee. The experiments were performed in 3 models: 1) acute open chest
model for assessment of the efficacy of different methods of GP ablation (phase 1); 2) a
chronic closed chest model to assess the safety of pericardial infusion of alcohol (phase 1);
and 3) an acute closed chest model to assess the feasibility and safety of percutaneous
epicardial ablation (phase 2).

Open chest model—Ten dogs were studied under anesthesia as described above. Pain
management was augmented using a continuous intravenous infusion of Fentanyl
2-5pug/kg/h. Anesthesia and pain medications were titrated based on continuous monitoring
of vital signs including heart rate, blood pressure and respiratory rate and signs of pain such
as piloerection. Right lateral thoracotomy at the 4t or 5™ intercostal space was performed to
ablate the right atrial GP# (Figure 1A):

1. The right superior GP (RSGP) located between the superior vena cava (SVC)-right
atrial (RA) junction and right superior pulmonary vein (RSPV),

2. Theright inferior GP (RIGP) located between the inferior vena cava (IVC)-RA
junction and the interatrial septum

Left lateral thoracotomy was then performed to ablate the following:”-

1. The vein of Marshall GP (VMGP) located between the anterior aspect of the left
PVs and the posterior left atrial appendage,

2. Superior left GP located at the junction of the left superior PV with the posterior
left atrium,

3. The great artery GP located at the base of the aorta and pulmonary artery in the
transverse sinus (TSGP) and

4. The retro-atrial GP on the posterior surface of the LA in the oblique sinus (OSGP).

Due to a lack of consensus on terminology, we provide an anatomical description of the GP
targeted and also provide correlation with terminology used in the largest human study of
GP ablation to date.% The RSGP and SLGP correspond to the anterior right GP and superior
left GP described by Katritsis et al. The inferior left GP and inferior right GP described by
Katritsis et al are part of the retro-atrial GP in the oblique sinus. The retro-atrial GP are
located on the posterior LA often close to the junction of the PV with the LA, where they
were targeted for ablation. The right inferior GP, vein of Marshall and transverse sinus GP
were not targeted by Katritsis et al.

The location of the GP was identified by direct visualization of epicardial fat pads which
contain clusters of GP. One to 2 GP were left unablated in each animal to serve as
histological control. A quadripolar catheter (Blazer, 7 Fr, 4-mm tip, Boston Scientific) was
sutured onto the epicardium at each GP site and local bipolar electrograms recorded.
Ganglion potentials were characterized by high frequency signals which occur stochastically
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during any phase of the cardiac cycle and are dissociated from the local myocardial potential
(Figure 1B). GP potentials were distinguished from myocardial signals or external noise
based on the following:

1. A continuous fragmented signal that appeared in a stochastic fashion at the ganglia
recording catheter that is dissociated from the atrial electrograms.

2. No evidence of electromagnetic interference or noise on any of the other
intracardiac or surface electrodes at the time of the recording.

3. Without changing the catheter position, we noted the stopping and starting of this
activity at the same site. When activation appeared fairly consistent, signals
disappeared with movement of the distal electrode slightly off the ganglia.

4. The proximal bipole showed similar activation but of a far-field nature compared to
the distal recording bipole with contact on the fat pad/ganglia.

Forty seven GP sites were modified with one of several thermal, chemical or mechanical
methods applied for 60 s to 120 s to test the safety and efficacy in GP ablation: 1) Low
amplitude direct current (DC) (12 pA); 2) Medium amplitude DC (300 or 500 pA); 3) High
amplitude DC (3000 — 5000 pA); 4) radiofrequency (RF) (25 to 50 W, 17 ml/hr saline
irrigation); 5) Ultrasound (US) at mechano-acoustic frequencies (US, 1.5 MHz, 5 cycles
consisting of 20 s burst ON and 10 s OFF); or 6) 2 to 5 ml 10% ethanol in normal saline
injected into the fat pad. A prototype circuit was developed for the delivery of DC and
current was delivered continuously for the duration of treatment (Figure 2A). While ethanol
is a known neurolytic agent, a concentration of 10% was chosen empirically for testing due
to prior observation of fibrosis with use of 100% alcohol at other sites such as the pleural
cavity. Each GP was modified using a single application of 1 modality. Local injection of
acetylcholine into the fat pad containing GP has previously been shown to induce AF in the
canine due to autonomic stimulation and GP ablation abolishes this response.® 10 We
injected acetylcholine (5 mg) into the fat pad containing the GP before and after each
modification and the induction of AF was noted. If AF was not induced spontaneously,
single atrial extrastimulus was delivered to induce AF. Acetylcholine injection raised a
wheal in the fat pad to ensure that the drug was delivered locally and not into the
myocardium or the systemic circulation. Successful ablation of a GP was defined as 1)
inability to induce AF or other atrial tachyarrhythmias; 2) loss or > 50% attenuation of the
HR and BP response to acetylcholine; and 3) abolition of local GP potential when seen.

Euthanasia was performed by inducing ventricular fibrillation (VF). Under deep anesthesia,
an electrophysiology catheter introduced from the femoral vein was placed in the right
ventricle and DC was applied. VF was verified by electrocardiogram and absence of arterial
blood pressure. Histology of ablated and unablated control GP was studied using
Hematoxylin and Eosin (H&E) staining.

Chronic closed chest model—Under general anesthesia, percutaneous pericardial
access was established using a 5-Fr sheath to infuse 30 ml of 20% ethanol in normal saline
in 3 dogs and 30 ml of normal saline in 1 control dog. The infusate was left in place,
pericardial drain removed and the dog was observed for 1 to 2 months. Recovering animals
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were observed every 30 minutes for the first two hours then twice daily for the remainder of
the study. Buprenorphine (0.02mg/kg) was administered via intramuscular injection every 12
hours and supplemented with oral Carprofen 4mg/kg once per day for pain management.
Following the period of observation, the dog was euthanized using an overdose of
intravenous pentobarbital under general anesthesia and verified using ECG. The explanted
heart was assessed for evidence of pericardial inflammation and adhesion.

Phase 2: Percutaneous epicardial ablation model

Percutaneous pericardial access was obtained through the subxiphoid approach using a
Touhy epidural needle and an 18-Fr sheath in 6 dogs. Biplane fluoroscopy was used to guide
catheter placement. An EPT catheter placed in the high RA was used to perform
programmed atrial stimulation with an 8-cycle pacing train at 500 ms cycle length with one
extrastimulus to induce AF/atrial flutter and to test atrial effective refractory period (AERP)
before and after ablation of each GP site.

Two novel ablation catheters (Figure 2B) were designed to 1) deliver energy epicardially to
the cardiac autonomic ganglia, 2) minimize injury to adjacent structures, and 3) navigate
through the transverse and oblique sinuses (Figure 2B). A 9-Fr deflectable multi-array
catheter was designed with six electrodes (3.3-mm electrode, 2 mm spacing) in 2 rows and
irrigation ports located in the center of each electrode for ablation in the oblique sinus. Each
“arm” of the catheter was built upon a nitinol frame to support the electrodes. The posterior
surface of the electrode arms was covered by a polyester fabric to provide insulation of
adjacent non-cardiac structures while delivering energy in a unidirectional fashion to the GP.
A second 9-Fr quadripolar catheter (3.2-mm electrodes with 3 mm spacing) was built in the
shape of a “finger,” in order to achieve maneuverability in smaller areas. Each electrode had
an irrigation port. The posterior aspect of the electrodes was covered with polyester in order
to provide insulation as noted above.

Anatomical ablation of the OSGP, TSGP, RSGP, RIGP and VMGP was performed using
3000 to 5000 pA DC and 10% alcohol in normal saline irrigation at 17 ml/h for 120 to 240s.
Contact between the ablation catheter and atrium was confirmed by the presence of a near
field atrial electrogram and myocardial capture during pacing. The absence of a large
amplitude atrial electrogram indicated that the insulated surface of the electrode was in
contact with the atrium, leading to repositioning of the catheter (Figure 3). The insulated
surface in apposition to vital structures, such as the esophagus in the oblique sinus and the
great arteries in the transverse sinus, minimized injury to these structures. A radio-opaque
marker on the insulated side and the radio-opacity of the electrodes were used to confirm
positioning of the electrodes on the myocardium using fluoroscopy. If a ventricular
electrogram was noted, the catheter was repositioned to avoid ablation of ventricular
myocardium and induction of VF. Finally, the dog was euthanized by induction of VF as
described above and gross and microscopic examination of the GP using hematoxylin &
eosin (H&E) was used to confirm ablation of GP.
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Statistical analysis

Results

Continuous and categorical variables were summarized as mean (standard deviation) and
percentages respectively and compared between groups using the t-test and Fischer exact
test respectively. A two-sided p value < 0.05 was considered statistically significant. All
statistical analyses were performed using JMP7 (SAS, California).

Phase 1A: Efficacy of different ablation methods

Acetylcholine was successful in inducing AF spontaneously or with single atrial
extrastimulus at 47/48 tested sites prior to GP ablation. Low, medium and high dose DC
were effective in abolishing acetylcholine induced AF at 0/8 (0%), 4/12 (33%) and 5/7
(71%) GP sites respectively. High amplitude DC resulted in organization of AF to atrial
flutter at 1/7 sites. When considering the dose response to DC, we observed that currents of
12uA (n=12) and 300 pA (n=5) were not effective at any site. DC of 500 pA was effective at
4/7 GP sites and 5000 pA ablated the GP at 5/7 sites. RF resulted in non-inducibility of AF
in 3/8 (38%) and organization of AF to atrial flutter at 2/8 (25%) GP sites. Alcohol injection
and ultrasound were effective at 5/7 (71%) and 1/5 (20%) sites respectively. When compared
to RF, DC at =500 pA (p=0.4) and alcohol injection into the GP (p=0.3) were effective at a
greater proportion of sites tested. The difference was not statistically significant, likely due
to the small sample size.

The HR and BP (mm Hg) pre- and post-ablation at each site did not differ significantly: HR
[132 + 41 vs 129 + 37, p=0.3], systolic BP [140 + 30 vs142 + 34, p= 0.5], diastolic BP [90
+ 22 vs 88 + 23, p=0.3] and mean BP [105 + 23 vs 102 + 24, p=0.4] (n=46). GP potential
was present at 16 of the 47 fat pads modified and was successfully abolished at 8 sites
following ablation. Histology of the successfully ablated ganglia showed loss of nucleoli or
complete loss of cellularity using H&E staining (Figure 4A). Histology of non-ablated
control ganglia showed preserved cellular structure (Figure 4B). Examination of the atrial
myocardium surrounding the GP was performed using H&E staining. RF ablation resulted in
ablation of atrial myocardium in addition to ablation of GP (Figure 4C). In contrast DC
ablation at doses administered in this study resulted in relative sparing of the atrial
myocardium (Figure 4D).

Due to the greater success of DC at ablating GP compared to RF and US, less atrial
myocardial ablation with DC and ease of delivery through a percutaneously introduced
catheter, DC was tested further in the closed chest epicardial ablation model in phase 2. We
also hypothesized that ethanol may potentiate DC energy delivery through fat. Hence
Ethanol (10% in normal saline) was used for irrigation in phase 2, although this was not
directly tested in phase 1.

Phase 1B: Safety of chronic pericardial alcohol infusion

No acute electrical or hemodynamic effects were seen following the pericardial instillation
of 20% alcohol or saline. A higher concentration of ethanol was tested to ensure safety of
use in the pericardial space. One to two months after the instillation, percutaneous
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pericardial access was again established. Gross and microscopic examination of the
explanted hearts did not show pericardial inflammation or adhesions in both alcohol and
saline treated dogs.

Phase 2: Percutaneous epicardial ablation of GP

Percutaneous epicardial access through the subxiphoid approach was successfully
established in all 6 dogs without complications. DC ablation at 5000 pA resulted in
ventricular fibrillation (VF) and early demise in one dog. Inadvertent movement of the
catheter over the ventricle was noted before the induction of VF. DC ablation was performed
at 3000 pA (2 applications at each site) without complications in remaining 5 dogs. The dose
reduction was performed empirically based on the noted efficacy of both 500 and 5000 pA
in phase 1 experiments and the reduced potential for VF induction with lower dose DC. The
RSGP, RIGP, OSGP, and TSGP were ablated in all 5 dogs. In addition, the VMGP was
ablated in dogs 1 and 3, and the right pulmonary artery GP was ablated in dog 1. Examples
of fluoroscopic images of the novel catheters positioned at different GP sites are presented in
Figure 5.

The HR, BP, AERP, and AF inducibility pre- and post-ablation in each dog are presented in
the table. No significant difference was noted in the HR and BP before and after ablation.
Amplitude of the local atrial electrogram after ablation was reduced by a mean of 0.3(0.8)
mV compared to before ablation (mean amplitude pre- vs post-ablation 2.3 [£1.5] vs 2.0
[£1.3] mV, [p=0.01]). Although this difference was statistically significant, the degree of
reduction in electrogram amplitude was significantly less compared to that expected during
endocardial RF ablation of GP. AERP prolonged from 100 to 180 ms in one dog, shortened
from 260 to 80 ms in one dog and was unchanged in the rest. Sustained AF (> 30 s) was
induced in all dogs before ablation using single atrial extrastimulus. AF was not inducible in
3 dogs after ablation. Atrial flutter that was easily pace-terminated was induced in dog 1,
and AF was induced but at a shorter coupling interval (120 vs 100 ms) in dog 2. Continuous
ECG monitoring did not show any evidence of coronary artery injury, and phrenic nerve
stimulation was not observed.

Gross pathologic examination of the explanted hearts showed clusters of 3 to 4 mm
hemorrhagic lesions at sites of ablation (Figure 6A). There was no evidence of injury to the
coronary arteries, great arteries, thoracic veins, and esophagus on gross examination.
Microscopic examination of the ablated GP showed nuclear disarray and loss of cellular
architecture with H&E staining (Figure 6B) at 17 out of 23 fat pads treated. Five sites could
not be adequately examined due to poor tissue processing or absence of identifiable ganglia.
GP was not ablated at 1/23 sites. No significant necrosis of the underlying atrial muscle was
noted (Figure 6C).

Discussion

We describe percutaneous epicardial ablation of cardiac GP using an anatomic approach in
the canine. The results show that percutaneous epicardial ablation of cardiac GP,
documented by histologic examination, using novel catheters, DC electroporation, and
alcohol irrigation with minimal injury to the atrial myocardium is feasible and safe.
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The occurrence of recurrences with PV isolation alone for AF has spurred a search for
adjunctive targets for treatment.! The intrinsic cardiac autonomic nervous system consisting
of the cardiac GP plays an important role in the initiation and maintenance of AF.11
Stimulation of the GP can convert local PV firing into AF or induce spontaneous AF in
animals.® 10. 12 Cardiac GP ablation in the canine has been shown to abolish vagally-
mediated AERP shortening, dispersion of AERP and AF induction.? 13 Due to close
proximity to the pulmonary veins, GPs are frequently ablated in the course of catheter based
or surgical pulmonary vein isolation. Ablation targeting the cardiac GP with or without
concurrent PV isolation in humans has shown promise in preventing AF recurrence.4-6: 14, 15

Epicardial vs endocardial ablation of cardiac ganglionated plexi

Studies of GP ablation to date have utilized percutaneous endocardial RF ablation or surgical
epicardial ablation.2 4 5 15-17 Epicardial GP ablation has been reported during cardiac
surgery, either performed as a standalone procedure or as part of another cardiac surgical
procedure.18-22 Since cardiac GP are epicardial structures, a percutaneous epicardial
approach to ablation can target the GP of interest with minimal ablation of underlying atrial
myocardium while avoiding cardiac surgery. Scanavacca et al. reported percutaneous
epicardial RF ablation of GP in humans.23 However, using commercially available catheters,
they were unable to ablate at several left atrial epicardial sites due to close proximity of the
esophagus, coronary arteries, or phrenic nerve. Left atrial myocardial injury during RF
ablation has been associated with pro-arrhythmia and reduction in indices of left atrial
mechanical function despite restoration of sinus rhythm.24 25 We describe the feasibility of
an entirely percutaneous epicardial GP ablation approach. Using two prototype catheters
insulated on one side and direct current, we were able to ablate selectively on the epicardial
surface and avoid injury to the esophagus and great vessels.

Several observations from animal and human studies underscore the importance of complete
autonomic denervation. The atrial GP form an interconnected neural network where
stimulation of GP at one site can elicit a pro-arrhythmic response at a distant site.26 Human
studies have shown greater success in maintaining sinus rhythm with more extensive
anatomical ablation of GP compared to limited ablation of sites that elicit a vagal response
to stimulation, potentially due to more extensive denervation.* 27 While prior studies of GP
ablation have targeted either the right or left atrial GP, this is the first study to target both.
The epicardial approach allowed access to all the targeted GP and the use of prototype
catheters and DC minimized injury to mediastinal structures and atrial myocardium,
allowing more extensive ablation. While complete autonomic denervation is difficult to
achieve, the technique described improves the potential for significant denervation.

GP ablation has been postulated to prevent AF induction by abolishing the vagal-mediated
shortening of AERP.2 However, prior canine studies have shown either no change2® or a
small prolongation of the AERP? at resting autonomic tone. Consistent with these results,
we did not note significant change in AERP in most canines. We however did not perform
vagal stimulation to confirm abolition of the AERP response.
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Direct current GP ablation

RF and high amplitude DC current can cause thermal tissue injury to surrounding atrial
myocardium. DC applied at doses used in this study result in electroporation, a nonthermal
source of ablation that uses electrical pulses to cause irreversible alteration in
transmembrane potential and cell membrane injury, sparing the scaffold.2® We show that GP
ablation using DC electroporation at 500 to 5000 pA is moderately effective in abolishing
the response to local application of acetylcholine and results in less atrial myocardial injury
compared to RF.

Ventricular arrhythmias can occur during DC application and are more likely with use of
higher energy.39 In our experiments, one dog developed refractory VF during ablation at
5000 pA. Subsequently, limiting the delivered current to 3000 pA and utilizing an
electrogram-guided approach to avoid ventricular ablation did not induce any further
ventricular arrhythmia. The decision to limit DC delivery to 3000 A was based on observed
efficacy of DC between 500 and 5000 pA in phase 1 studies and the lack of pro-arrhythmia
in phase 2 studies. Energy level of 3000pA was however not tested in phase 1.
Synchronization of DC energy delivery with the QRS complex has also been described to
prevent ventricular arrhythmias.3! Thus while ventricular arrhythmias remain a significant
complication of this procedure, techniques outlined above will make this less likely.

Coronary artery injury is a dreaded complication of epicardial ablation. In this study,
catheter position was monitored with fluoroscopy to avoid movement towards the annulus.
Ablation in the transverse sinus was limited to the space posterior to the ascending aorta,
which in the presence of normal coronary anatomy will avoid the major epicardial coronary
vessels. Moreover, electroporation on or near the coronary arteries has been shown to spare
the coronaries and may be safer than radiofrequency ablation.{Neven, 2014 #65}

Ethanol ablation for GP modification

Limitations

Ethanol induced neurolysis is currently used for treatment of pain disorders and exploit the
exquisite sensitivity of neurons to ethanol. We demonstrate the efficacy of 10% ethanol
injection in ablating the cardiac GP in an open chest model. Ethanol infusion into the vein of
Marshall has been used to ablate GP in canine.® Although direct injection of ethanol into GP
was not tested in the closed chest model, due to technical challenges in delivering ethanol
locally, this modality warrants further investigation in the future.

Ethanol irrigation was tested as an adjunct to DC ablation in the closed chest model due to
the potential for enhanced electroporation in the treated fat pad. This technique was however
not tested in phase 1 experiments and comparison of ethanol to normal saline infusion
during DC modification of GP warrants further investigation.

The ablation of GP in the closed chest model was confirmed using histologic examination of
ablated tissue. Functional assessment for autonomic denervation using techniques such as
cervical vagal stimulation was not performed.32 The efficacy of DC with ethanol irrigation
was not directly compared to normal saline irrigation in phase 1. Thus the role of ethanol
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irrigation in potentiating the effects of DC on GP is a proposed one and requires further
study. The study was designed to provide proof of concept and was not powered to show
statistically significant differences in the efficacy of each modality tested in phase 1. The
small sample size may explain the lack of statistical significance in the difference between
RF and DC, although DC was twice as effective in ablating GP. There was also reduced
inducibility of AF following the GP ablations although a robust method to assess the internal
validity of this result was not used.

We did not study the long term efficacy of epicardial GP ablation, and neural re-innervation
following ablation can potentially lead to late AF recurrence. Although we did not perform
long term followup, the extensive ablation targeted at neuronal cells in the GP is expected to
produce long term effects. Our study however generates important hypotheses that warrant
further study incorporating long term followup and functional assessment of denervation.

Conclusions

We report an entirely epicardial approach to cardiac GP ablation using DC electroporation
and novel catheters. The techniques described were also shown to be safe with minimal
injury to atrial myocardium and mediastinal structures. We also report for the first time, the
role of local ethanol injection in ablating GP. The techniques described have the potential to
improve success of AF ablation when used as an adjunct to pulmonary vein isolation and
warrant further evaluation in larger preclinical followed by clinical studies.
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Glossary of abbreviations

AF
BP
DC
GP
H&E
HR
IvC
(ON)
PV
RA
RF
RI
RS

atrial fibrillation
blood pressure
direct current
ganglionated plexi
hematoxylin & eosin
heart rate

inferior vena cava
oblique sinus
pulmonary vein
right atrial
radiofrequency
right inferior

right superior
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RSPV

TS
VM
VF
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right superior pulmonary vein
superior vena cava

transverse sinus

vein of Marshall

ventricular fibrillation
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Figure 1.

(A) Location of major ganglia targeted for ablation. (B) Ganglion potentials are seen over
the transverse sinus ganglionated plexus in sinus rhythm. Ganglion potentials are
characterized by high frequency signal (arrows) that are dissociated from the cardiac cycle
and occur stochastically. Atrial electrograms are not seen prominently in this tracing. ABL,
d and p — distal and proximal bipoles of quadripolar catheter on fat pad.
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Figure 2.
(A) Prototype direct current injection circuit. Direct current was delivered to the electrodes

of the catheters described below from a 30 V regulated DC power supply with the positive
terminal of the power supply connected to the grounding patch on the animal's thigh. The
negative terminal of the DC power supply was connected through matched, fixed and
variable resistors to the electrodes. A 6 kilo-ohms resistance was placed between the
electrodes to provide adequate decoupling of the electrodes for good signal acquisition. The
negative DC current injected independently to the electrodes could be varied from 10 to
7500 micro amps. (B) Prototype multi-array catheter with two rows of 3 electrodes (3.3 mm,
2mm spacing) with irrigation hole in the middle of each electrode and insulated on one side
with polyester fabric to provide a wide area of ablation in the oblique sinus, and (C)
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Prototype quadripolar (3.2 mm electrodes, 3 mm spacing) catheter insulated on one side
with polyester.
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Figure 3.
Electrogram guided ablation. The quadripolar catheter is positioned in the oblique sinus. (A)

When the electrodes are in contact with the atrium, high amplitude near field atrial
electrograms (EGM) is noted and ablation was safely performed. (B) When the electrodes
are in contact with the pericardium in the oblique sinus, atrial electrograms are low
amplitude and far field. The catheter was repositioned to avoid injury to the esophagus.
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Figure 4.
(A) Hematoxylin and Eosin (H&E) staining of an ablated epicardial ganglionated plexus

(GP) with loss of neuronal nuclei and cellular integrity. (B) H&E staining of unablated
control GP showing preserved nuclei and cytoplasmic granularity. (C) Radiofrequency
ablation of GP resulted in ablation of underlying atrial myocardium. Coagulative necrosis,
myocyte disarray and hemorrhage are noted. (D) Atrial myocardium underlying a GP
ablated with direct current shows preserved myocytes.
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Figureb.
The quadripolar catheter positioned at the (A) right superior GP and (B) right inferior GP

(AP view). (C) Lateral and (D) AP views showing quadripolar catheter placed in the
transverse sinus. Aortic angiogram (*) shows the relationship to the aortic valve. (E) Multi-
array catheter placed in the oblique sinus seen in the lateral view posterior to the atrium.
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Figure®6.
(A) Ablation of the vein of Marshal ganglionated plexi using the novel quadripolar catheter

through percutaneous pericardial access. Clusters of 3 to 4 mm hemorrhagic appearing
lesions are noted (arrows). The left atrial appendage (asterisk) has been reflected off to show
the ligament of Marshall. (B) Histology (hematoxylin & eosin stain) of ganglionated plexus
ablated through percutaneous pericardial access in the closed chest canine model. (C)
Preservation of atrial myocardium underlying the GP is noted.
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