
Assessment of Epicardial Ganglia Pulsed Electric Fields Ablation 
with Botulinum Toxin
Ammar M. Killu1, Alan M. Sugrue1, Niyada Naksuk2, Jason Tri1, Brad Bolon3, Suraj Kapa1, Samuel J. Asirvatham1

1Department of Cardiovascular Medicine, Mayo Clinic, Rochester, MN
2Division of Cardiovascular Disease, University of Illinois Hospital, Chicago, IL
3GEMpath, Inc., Longmont, CO

Corresponding Author
Ammar M. Killu, MBBS
200 First Street SW
Rochester, MN, 55901

Key Words
Atrial Fibrillation, Epicardial, Ganglia, Electroporation, Botox

Introduction
Atrial fibrillation (AF) is the most common arrhythmia, found 

in over 2.5 million individuals in the United States alone with a 
projected increase in prevalence suggest that it will affect over 5 million 
individuals by the year 20501.

Catheter ablation, namely pulmonary vein isolation (PVI), is the 
mainstay of therapy for AF currently, though results remain suboptimal 
with a high rate of recurrence despite use of antiarrhythmic drug 
therapy.  It is known that autonomic neural activity is important in the 
pathogenesis of AF and that ganglionated plexi (networks of cardiac 
autonomic ganglia and nerves located on the epicardial surface) occur 
predominantly in pericardial fat pads2.  While a significant number 
of epicardial ganglia may be targeted during conventional PVI, 

several clinical studies assessing specifically the impact of autonomic 
modulation in AF have shown promising results2.  Further, studies 
targeting cardiac ganglia with neurotoxins such as botulinum toxin 
(Botox) have been shown to reduce the susceptibility of AF3-5.  

Recently, pulsed-electric field (PEF) ablation has demonstrated 
increasingly promising results in management of AF6, 7.  Furthermore, 
PEF has been used to enhance drug delivery to cells of interest8.  Given 
the reported effect of Botox and PEF individually on the activity of 
epicardial ganglia, we sought to determine if intrapericardial delivery 
of Botox at the time of peri-ganglionic PEF had additive effects on the 
structure and function of atrial myocardium.

Methods
Animals

The protocol was approved in advance by the Mayo Clinic 
Institutional Animal Care and Use Committee in accordance with U.S. 
federal regulations and the Guide for the Care and Use of Laboratory 
Animals, 8th edition. The study was performed on 12 mongrel canines.  

Animals were housed individually in pens.
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Abstract
Introduction:  Pulsed-electric field (PEF) ablation induces cell membrane pore formation and permits cellular drug uptake. Botulinum 

toxin-A (Botox) has been shown to reduce the rate of atrial fibrillation when injected directly into intracardiac ganglia.  We sought to evaluate 
the electrophysiological (EP) effect of percutaneous epicardial PEF and Botox delivery.

Methods:  We performed 12 acute canine studies involving 4 PEF cycles (1000V, 100µs, 10pulses) either alone (control, N=6) or with 
100units Botox (treatment, N=6). Botox administration was via specialized catheters permitting simultaneous PEF . Ganglia in oblique and 
transverse sinuses, periaortic and vein of Marshall region were targeted. Changes in EP parameters were determined.

Results:  Baseline heart rate (HR) was 103±6bpm and 128±13bpm in control and treatment groups, respectively (P=0.01).  Following 
therapy, HR decreased by 4±24bpm in the control (P=0.7) and increased by 24±21bpm in the treatment group (P=0.04). In controls, right 
atrial (RA) effective refractory period (ERP) (87±25 pre vs 145±33ms post) and left atrial (LA) ERP (100±24 pre vs 158±77ms post) increased 
by 58±34ms (P=0.01) and 58±64ms (P=0.08), respectively.  In treated dogs, RA (102±13 pre vs 177±66ms post) and LA ERP (102±21 pre 
vs 227±81ms post) increased by 75±67 ms (P=0.04) and 125±84ms (P=0.02).  There was a trend towards greater HR (P=0.06) and QTc 
(P=0.07) change in treated dogs though sample size was small and there were significant baseline differences.

Conclusion:  Percutaneous epicardial PEF results in acute EP changes which seem accentuated when combined with Botox, possibly 
suggestive of additive effect on ganglia; however, this approach warrants further evaluation.
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Electrophysiological Testing
Dogs were anesthetized with intravenous (IV) ketamine (10 mg/kg) 

and diazepam (0.5 mg/kg) prior to endotracheal intubation.  Following 
this, they were maintained on isoflurane (1%) during ventilation 
for the duration of the study.  Standard ECG leads were placed for 
continuous ECG monitoring.  Vascular access was obtained via the 
percutaneous modified Seldinger technique. 12-Fr and 8-Fr sheaths 
were placed in the right and left external jugular veins for intracardiac 
echocardiography (ICE) and placement of a multipolar(10-pole)
coronary sinus catheter.  An 8-Fr femoral artery sheath was used for 
continuous blood pressure recording. Two 8-Fr femoral vein sheaths 
were placed for right atrial and right ventricular recordings/stimulation, 
respectively. Epicardial access was obtained using a Tuohy epidural 
needle under fluoroscopic guidance.  Following pericardial puncture, a 
0.032” wire was advanced through the needle over which the steerable 
sheath was advanced into the pericardial space.  Following pericardial 
sheath placement, IV heparin (bolus dose 100 U/kg) was administered, 
with additional slow infusion at 30 U/kg/hr to minimize endocardial 
catheter related thrombus formation.

Intracardiac conduction intervals were recorded for baseline, and 
repeated at the end of the study, so that each animal could serve as its 
own control.  Electrocardiographic and electrogram recordings were 
made using the Prucka system (General Electric, Milwaukee, WI, 
USA). Atrial extra-stimulation from the right atrium and proximal 
coronary sinus was performed to determine the right atrium (RA) and 
left atrium (LA) effective refractory period (ERP), respectively.  The 
basic cycle length of the drivetrain was 500ms, or 10ms shorter than 
the baseline intrinsic heart rate if the baseline heart rate was faster than 
this; the extrastimulus (S2) was introduced at decrements of 10ms 
until atrial ERP. 

Ablation
We used the anatomical description of the ganglionated plexi (GP) 

targets as previously described2 to target the ablation treatments. 
Fluoroscopic and ICE imaging guidance as well as electrogram 
recordings were used to locate the respective epicardial gangliawithin 
the oblique sinus, transverse sinus, and periaortic region (Figure 1). 
Each region was treated twice at an interval of 3 min according to the 
PEF protocol outlined below. 

The pulsed electric field (PEF) was delivered using two prototypical 
ablation catheters that allow injection of irrigants in the pericardial 
space (Figure 2) 9. A 9‐Fr deflectable multi-array “glove” (two-pronged) 
catheter was designed with six electrodes (3.3‐mm electrode, 2‐mm 
spacing) in two 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 ablation 
catheter (3.2‐mm electrodes with 3‐mm spacing) was built in the 
shape of a “finger” (single-prong) in order to achieve maneuverability 
in smaller areas. Each electrode had an irrigation port through which 
an irrigant was infused during PEF.  In this study, we used botulinum 
toxin-A (Botox®; Allergan, Ireland.  PEF was delivered via the 
NanoKnife System (Angiodynamics, Latham, NY).  PEF delivery 
was uniform (1000V/100µs x 10 pulses, 1Hz) and unipolar between 
the electrodes in contact with the atrial tissue and the ablation patch. 
Control animals (N =6) received PEF alone.  Treated animals (Group 
B, N = 6) received 100U of botulinum toxin-A, which was delivered 
via the electrode ports at the time of ganglia PEF delivery.  Contact 
between the ablation catheter and region of interest was confirmed by 
the presence of a near‐field atrial electrogram and myocardial capture 
during pacing. 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. After the last PEF 
treatment, repeat electrophysiological testing was performed using 
same protocol outline above.

Histopathologic Evaluation
Following completion of the procedure, dogs were maintained at a 

surgical plane of anesthesia and humanely euthanized by induction of 
ventricular fibrillation.The heart, lungs, and esophagus were excised 

Figure 1:

Anatomical representation of cardiac ganglia sites targeted.  The 
oblique sinus was targeted with the 6-electrode “glove” catheter; 
the other regions were targeted with the 4-electrode “finger” 
catheter.

Table 1:
Changes in baseline parameters between the control group and 
Botox treatment group.

Control group Botox group

Parameter Pre Post P-value Pre Post P-value

HR,   bpm 128±13 124±12 0.70 103±14 127±20 0.04

SBP, mmHg 107±9 94±12 0.09 106±16 96±7 0.13

DBP, mmHg 71±6 58±9 0.02 65±13 54±4 0.15

MAP, mmHg 83±7 71±10 0.07 79±12 72±5 0.18

QTc, ms 354±30 363±20 0.46 313±30 366±32 0.03

ERP, ms
     RA
     LA
     Dispersion

87±25
100±24
13±20

145±33
158±77
13±71

0.01
0.08
1.00

102±13
102±21
0±30

177±66
227±81
50±70

0.08
0.02
0.12

Abbreviations:    bpm, beats per minute; DBP, diastolic blood pressure; HR, heart rate; LA, left 
atrium; MAP, mean arterial pressure; ms, milliseconds; mmHg, millimeters of mercury; QTc, correct 
QT interval; RA, right atrium; SBP, systolic blood pressure.
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enbloc. Harvested organs were examined for macroscopic (gross) 
lesions, after which hearts and esophagi of treated dogs were prepared 
for histopathological examination. Hearts were fixed while intact by 
immersion in 10 or more volumes of neutral buffered 10% formalin 
(pH 7.4), containing approximately 1% methanol as a stabilizing agent, 
at room temperature for at least 48 hrs. Multiple tissue blocks were 
acquired from each heart (oblique and transverse sinuses, oblique vein 
[of Marshall], aorta, pulmonary vein), both bracketing the ablation sites 
and at distant points to provide non-treated (no Botox or PEF) control 
tissue, which were interpreted by a pathologist (B.B). The esophageal 
wall that was located nearest the PEF sites was isolated. Each sample 
was placed in its own cassette and processed routinely into paraffin. 
Five-µm-thick sections were obtained for each block and stained with 
hematoxylin and eosin (H&E) to evaluate general architecture of the 
tissue. Serial sections of selected blocks were stained with the following 
stains: anti-cleaved caspase 3 (to detect apoptotic myocardial cells); 
Masson’s trichrome or picrosirius red (to delineate fibrous connective 
tissue); or tyrosinase (to reveal cardiac ganglia and nerves). 

Statistical Analysis
Continuous and categorical variables were summarized as mean 

values (± standard deviation) and percentages, respectively, and 
compared between groups using the paired t‐test and Fischer’s exact 
test, respectively. A two‐sided P-value <0.05 was considered to be 
statistically significant. All statistical analyses were performed using 
JMP7 (14.1.0; SAS Institute, Cary, NC, USA).

Results
Baseline Electrophysiological Characteristics

There was no difference in mean weights between groups (28.7±2.3kg 
in control vs 29.0±1.3kg in Botox-treated dogs).Percutaneous 
pericardial access was successful in all canines without acute 
complications.  Baseline and electrophysiological changes in parameters 
between the control and treated groups are shown in Table 1.  At 
baseline, the heart rate (HR) and QTc interval were significantly lower 
in the treated group relative to the control group (103±14vs 128±13  
bpm [P=0.01] and 313±28 ms vs 354±30 ms [P=0.03], respectively).  
Otherwise, there was no difference (P-value >0.05 for all) in terms of 
mean blood pressure (106/64 vs 107/71 mmHg) or baselineRAand LA 
ERP (101 vs 92 ms and 101 vs 100 ms).

Electrophysiological Changes after Ablation 
Following ablation therapy in the control (PEF only) group, the 

mean heart rate decreased by 4 bpm (128±13 bpm vs 124±12 bpm, 
P=0.7, Figure 3A), and the mean QTc interval increased by 9 ms 
(354±30 ms vs 363±20 ms, P=0.46,Figure 3B). Systolic (107±9 vs 
94±12 mmHg, P=0.09) and diastolic (71±6 vs 58±9 mmHg, P=0.02) 
blood pressures both decreased by 13 mmHg. In the treated (PEF + 
Botox) group, the mean heart rate increased by 24 bpm(103±14 bpm vs 
127±20 bpm, P=0.04,Figure 3A), and the mean QTc interval increased 
by 52ms(313±28 vs 366±32ms, P=0.03, Figure 3B). Systolic (106±16 vs 
96±7 mmHg, P=0.13) and diastolic (65±13 vs 54±4 mmHg, P=0.15) 
blood pressures decreased by 10 mmHg and 11 mmHg, respectively. 
There was no significant change in mean arterial pressure (MAP) 
between baseline and follow-up measurements in either group, though 
there was a trend towards lower MAP following treatment in the 

control group (mean drop 12 mmHg, P=0.07).

In the control group, the average S2 coupling interval for RA ERP 
(87±25 pre vs 145±33 ms post, Figure 3C) and LA ERP (100±24 pre vs 
158±77 ms post,Figure 3D) increased by 58±34 ms (P=0.01) and 58±64 
ms (P=0.08), respectively.  Meanwhile in the Botox-treated group the 
average S2 coupling interval for RA ERP (102±13 pre vs 177±66 ms 
post,Figure 3C) and LA ERP (102±21 pre vs 227±81 ms post,Figure 
3D) increased by 75±67 ms (P=0.04) and 125±84 ms (P=0.02).

Clinical and Electrophysiological DifferencesBetween Groups
The absolute and relative changes in HR following therapy were 

greater in the Botox-treated group compared to the control group 
(24±21 vs -4±24 bpm [P=0.06] and 23.8±22.3vs-1.4±18.1% [P=0.06], 
respectively), but did not meet statistical significance.  The absolute 
and relative changes in QTc were greater in the Botox-treated group 
(53±44 vs 9±27 ms, [P=0.07] and 17.9±16.7 vs 2.9±7.3 ms, [P=0.07], 
respectively), but also did not meet statistical significance.

There were no significant differencesin the absolute or relative RA 
ERP (58±34 vs 75±67 ms [P=0.17] and 76±60 vs 76±68 % [P=0.8], 
respectively) and LA ERP (58±64 vs 125±84 ms [P=0.15] and 57±56 vs 
113±88 % [P=0.1], respectively) between the control and Botox groups, 
respectively. The control group had no change in the dispersion of ERP 
(LA ERP – RA ERP) which was 13±20 ms pre and 13±71 post(P=1); 
however, the Botox-treated group had an increase in dispersion of ERP 
from 0±30 ms pre to 50±70 ms post (P=0.12).  The change in dispersion 
of ERP following treatment was numerically greater in the Botox group 
though did not meet statistical significant (P=0.25).

Complications
Pericardial access was successfully obtained without complication in 

all dogs.  The rate of sustained AF occurrence during PEF was lower 
in the Botoxgroup (8% vs 19%) but was not statistically significant 
(P=0.30).  Continuous ECG monitoring did not show evidence of 
coronary artery injury. No ventricular arrhythmias were noted, and no 
ventricular fibrillation occurred in any animal.

Histopathological Findings
In PEF treated dogs, there was no macroscopic or microscopic 

evidence of damage to the esophagus or adjacent myocardium.  Similarly, 

Figure 2:

Prototype catheters and fluoroscopic images demonstrating 
catheter positioning.  A, two-pronged, 6-electrode “glove” 
catheter intended for PEF delivery within the oblique sinus.  B, 
deflectable one-prong, 4-electrode “finger” catheter intended 
for PEF delivery within the transverse sinus (as demonstrated), 
periaortic region, and oblique vein (of Marshall) region.  Irrigation 
pores are noted in both catheters (black arrowheads) that permit 
drug delivery during PEF.

Abbreviations:  CS, coronary sinus catheter; ICE, intracardiac ultrasound catheter; RA, right atrial 
catheter.
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on the heart surface can be accomplished with less invasive means.  
We have previously demonstrated the ability to ablate the epicardial 
autonomic ganglia using PEF with the same tools percutaneously9, 14.  
In theory, PEF has several advantages over existing ablation techniques 
in that it has the ability to deplete ganglionated plexi without the 
consequences of thermal injury, thereby providing better preservation 
of collateral cardiac structures. This ability to limit collateral damage 
would be especially important if percutaneous ganglia modification was 
attempted with radiofrequency or cryothermal techniques which could 
result in injury to the esophagus, coronary vessels and phrenic nerve 
given their juxtaposition to the epicardial ganglia.  In our current study, 
we aimed to leverage the perceived safety and efficacy benefits of PEF 
and combine them with the reported benefits of neuromodulation by 
using a potent neurotoxin (botulinum toxin-A) as a potential means 
of increasing the degree of ablation. Unlike nerves, ganglionated plexi 
are more susceptible to PEF.  This is due to the fact that neurons have 
a fatty myelin sheath surrounding the nerve which absorbs much 
of the voltage change, thereby sparing the nerve from injury15. PEF 
has been leveraged in the treatment of tumors, whereby the local 
electric field induced by PEF causes membrane pore formation, thus 
allowing cellular drug entry16. Our acute animal study demonstrates 
that PEF delivery using our prototypical catheters is feasible and is 
associated with appreciable changes in the electrophysiological milieu. 
Furthermore, though the data did not meet statistical significance 
due to the small animal numbers and occasional outlier values, the 
electrophysiological effects produced by PEF were enhanced in the 
presence of Botox co-administration.  

While we were able to demonstrate changes on an electrophysiological 
scale in terms of atrial tissue ERP, no statistically significant difference 
between those who were administered Botox in concert with PEF was 
seen compared to those who did not receive Botox.  However, there 
were several numerical differences including a greater change heart 
rate and ERP in the Botox treatment group. The lack of statistical 
significance may be related to the small sample size or the acute 
nature of the study whereby effects may be expected to be seen on a 
longer timescale.  Indeed, in the study by Pokushalov et. al5, benefits 
were seen only after a few days, and that was with direct injection 
of the ganglia at the time of surgery.  Similarly, in the animal study 
by Oh, change in the ERP was demonstrated 1 week after therapy4. 
Both groups had an increase in ERP following therapy with a greater 
change in the Botox treatment group, though this was not significant. 
Regardless the increase in ERP after PEF and Botox delivery has 
important implications as a short ERP is a well-recognized factor that 
predisposed to AF17-19. Lengthening of the ERP can result in reduction 
and extinction of re-entrant wavelets that promote atrial fibrillation.  
The increase in ERP may have an antiarrhythmic effect, as has been 
demonstrated with antiarrhythmic drugs such as dofetilide20. Dofetilide 
and Botox, though the latter is temporary, cause a reduction in the 
dispersion of ERP.  Meanwhile, we saw the opposite in the treatment 
group which could be proarrhythmic; the increase in dispersion could 
be reflective of enhanced vagal effects from preferential sympathetic 
fiber ablation though this is hypothetical20.  

Though we did not demonstrate significant differences in the current 
work, we feel that the demonstration of greater electrophysiological 
improvement when PEF and Botox were given concurrently 

in PEF + Botox treated dogs, no microscopic evidence of injury was 
seen in the myocardium, great arteries, coronary arteries, and esophagus 
on gross examination. Three treated dogs had no microscopic lesions 
in these same tissues, while three had acute myocardial hemorrhage in 
some portions of the heart. In one dog, hemorrhage was limited to the 
anterior walls of the left and right ventricles and also the left ventricular 
apex and was of minimal or occasionally mid degree. In the other two 
affected dogs, minimal hemorrhage occurred mostly in the epicardium 
and rarely the superficial myocardium associated with the oblique (N 
= 2) and transverse (N = 1) sinuses; these hemorrhages occasionally 
were accompanied by focal, minimal infiltration by neutrophils. These 
changes were considered to be predictable effects of the access/ ablation 
method, and were considered to be sufficiently minor that they were 
interpreted as nonadverse. Cardiac fibrosis was not apparent at any site. 
Ganglionated plexi (epicardial ganglia and nerves) expressed tyrosinase 
widely in all dogs. The stained neural tissues were intact.

Discussion
The autonomic nervous system has long been recognized to play 

an important role in cardiac arrhythmogenesis.  Targeted therapy of 
the extrinsic10, 11 and intrinsic2, 4, 12, 13 autonomic ganglia that impact 
cardiac function have suggested that modulation of baseline autonomic 
signaling can improve outcomes in arrhythmia management.Prior 
animal studies have shown that reduced susceptibility to AF can be 
gained by targeting cardiac ganglia with a neurotoxin. For example, Oh 
et. al demonstrated temporary suppression of vagal nerve-mediated AF 
with Botoxinjection of the sinoatrial and atrioventricular epicardial 
fat pads through a thoracotomy incision4.  Similarly, Pokushalov et. al 
expanded on this by showing Botox injection into the human epicardial 
fat pads prevented recurrences of atrial tachyarrhythmia in the post-
operative period in patients undergoing coronary artery bypass grafting 
(CABG)5. Both of these studies required a surgical approach to target 
the epicardial ganglia.

Ideally, clinical application of autonomic ganglia modification 

Figure 3:
Comparison between the control (PEF only) group and treated 
(PEF + Botox) group across a range of electrophysiological 
parameters.
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warrants further study of this technique.  Epicardial ablation for the 
management of atrial arrhythmias is likely to gain prominence given the 
recognition of the importance of endocardial-epicardial dissociation 
in the maintenance of arrhythmia21. As such, it would be desirable to 
have an effective concomitant method of neuromodulation that can be 
performed in this manner without the need for surgical intervention.  
Furthermore, though we used Botox in our study, it is conceivable that 
other targeted therapy could be delivered in this fashion to treat other 
disorders, such as cardiac malignancies and intractable pericarditis.

Study Limitations
The small sample size may mask benefits that may occur from our 

treatment approach.  We did not check the inducibility of AF pre and 
post therapy using standardized protocols, but rather assessed atrial 
tissue ERP.  Similarly while we did not determine long-term outcomes, 
we have previously assessed the effect of epicardial PEF without Botox 
in the medium-term14.  Though we infused Botox during PEF, we could 
not determine whether there was any uptake of Botox into the ganglia; 
as such, lack of benefit may be due to a failure of toxin uptake rather 
than the ineffectiveness of combined therapy. Botox treatment alone 
with sham PEF would have added further insight but unfortunately 
resources were limited to the study methodology performed. Duration 
of effect is unable to be determined from this acute study.   Furthermore, 
the degree of PEF may also impact outcomes; specifically, Botox 
delivery with irreversible PEF may not have additive effects due to the 
proclivity of neural tissue to expire when targeted by irreversible PEF22.  
However, some degree of axonal reinnervation may be expected such 
that the concomitant use of a neurotoxin has some merit23. The effect 
on heart rate observed is difficult to interpret as there was a statistically 
significant difference in the baseline measurements and thus the result 
may be due to regression to the mean.  Further evaluation is warranted.  

Conclusion
Percutaneous epicardial PEF to autonomic ganglia within the oblique 

sinus, transverse sinus and oblique vein (of Marshall) results in changes 
in electrophysiological parameters including increased refractoriness.  
The effects appear to be accentuated when combined with Botox 
delivery, possibly suggestive of an additive effect on epicardial ganglia; 
however, this remains undetermined and the approach warrants further 
evaluation.
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