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ORIGINAL ARTICLE

Preclinical Study of Pulsed Field Ablation of 
Difficult Ventricular Targets: Intracavitary Mobile 
Structures, Interventricular Septum, and Left 
Ventricular Free Wall
Moritz Nies , MD; Keita Watanabe , MD; Iwanari Kawamura , MD; Carlos G. Santos-Gallego , MD; Vivek Y. Reddy , MD; 
Jacob S. Koruth , MD

BACKGROUND: Endocardial catheter-based pulsed field ablation (PFA) of the ventricular myocardium is promising. However, 
little is known about PFA’s ability to target intracavitary structures, epicardium, and ways to achieve transmural lesions across 
thick ventricular tissue.

METHODS: A lattice-tip catheter was used to deliver biphasic monopolar PFA to swine ventricles under general anesthesia, 
with electroanatomical mapping, fluoroscopy and intracardiac echocardiography guidance. We conducted experiments to 
assess the feasibility and safety of repetitive monopolar PFA applications to ablate (1) intracavitary papillary muscles and 
moderator bands, (2) epicardial targets, and (3) bipolar PFA for midmyocardial targets in the interventricular septum and left 
ventricular free wall.

RESULTS: (1) Papillary muscles (n=13) were successfully ablated and then evaluated at 2, 7, and 21 days. Nine lesions 
with stable contact measured 18.3±2.4 mm long, 15.3±1.5 mm wide, and 5.8±1.0 mm deep at 2 days. Chronic lesions 
demonstrated preserved chordae without mitral regurgitation. Two targeted moderator bands were transmurally ablated 
without structural disruption. (2) Transatrial saline/carbon dioxide assisted epicardial access was obtained successfully and 
epicardial monopolar lesions had a mean length, width, and depth of 30.4±4.2, 23.5±4.1, and 9.1±1.9 mm, respectively. (3) 
Bipolar PFA lesions were delivered across the septum (n=11) and the left ventricular free wall (n=7). Twelve completed 
bipolar lesions had a mean length, width, and depth of 29.6±5.5, 21.0±7.3, and 14.3±4.7 mm, respectively. Chronically, these 
lesions demonstrated uniform fibrotic changes without tissue disruption. Bipolar lesions were significantly deeper than the 
monopolar epicardial lesions.

CONCLUSIONS: This in vivo evaluation demonstrates that PFA can successfully ablate intracavitary structures and create deep 
epicardial lesions and transmural left ventricular lesions.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Ventricular arrhythmia ablation continues to have 
suboptimal long-term success rates, partly related 
to limitations of currently used ablative energies, 

which is typically radiofrequency current.1–3 Creating 
deep lesions for intramural targets, ablating mobile intra-
cavitary structures, and penetrating scarred myocardium 
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are instances where radiofrequency current is known to 
be challenging or even ineffective.4–9 Several approaches 
have been developed to overcome this, such as the 
use of long-duration, half-normal saline irrigation, and 
bipolar approaches to radiofrequency ablation, in addi-
tion to using other energy sources such as cryoablation, 
radioablation, and alcohol ablation.10–16

Pulsed field ablation (PFA) has recently been recognized 
for its potential to improve both the efficacy and safety of 
atrial ablation procedures.17–20 Its nonthermal basis of abla-
tion, reduced reliance on prolonged high-quality contact, 
and short delivery times also make it relevant for ventricular 
ablation, and early preclinical studies have been promis-
ing.21–25 However, PFA’s ability to make deeper and larger 
lesions than radiofrequency current, as well as creating 
adequate lesions on mobile intracavitary structures such 
as the papillary muscles (PMs) and moderator band has 
yet to be determined.26–29 This preclinical report specifically 
explores the ability of PFA to target mobile intracavitary 
structures and details the efficacy and safety of several 
strategies to maximize ventricular ablation using pulsed 
fields via a large catheter tip form factor that favors stability.

METHODS
Data and methods used in the analysis and materials used to 
conduct the research will not be available for access. All experi-
ments were approved by the Institutional Animal Care and Use 
Committee at the Mount Sinai Hospital, New York. A total of 
14 Yorkshire swine (5 female, 9 male) were included in this 
study. Predetermined survival periods were 2 days (n=10), 7 
days (n=2), and 21 days (n=2). Based on prior experience, we 
elected to use 10 animals in the 2-day survival group to accom-
modate all ablation targets. We aimed to use a minimum of 3 
animals for each ablation target to ensure an adequate number 
of lesions for analysis. As this feasibility study also focused on 
safety, 4 animals with longer survival periods (7 and 21 days) 
were included to evaluate the structural and functional integrity 
of ablated PMs and bipolar lesion sites.

Ablation System and Preclinical Workflow
The deflectable, lattice-tip catheter (Sphere-9; Medtronic, 
Minneapolis, MN) facilitates 3-dimensional mapping (Affera 
Mapping System; Medtronic) and ablation via a PFA generator 
(HexaPulse; Medtronic), as previously described.30,31 Monopolar 
PFA is delivered from the entire lattice tip using a proprietary, 
biphasic waveform.30,31 Under general anesthesia, after transfem-
oral venous access, the ablation catheter was placed in the right 
ventricle (RV) or left ventricle (LV) using a deflectable sheath, or 
both (Agilis; Abbott, Chicago, IL). Transeptal or retrograde aor-
tic access was used for endocardial catheter placement in the 
LV. For epicardial catheter placement, subxiphoid access was 
obtained after transatrial epicardial carbon dioxide (CO2) insuf-
flation or saline injection: after advancing a 6F guiding catheter 
(JCL3.0; Medtronic) to the tip of the right atrial appendage, the 
right atrial appendage was punctured using a 1.9 Fr coronary 
microcatheter (Caravel; Asahi Intecc, Irvine, CA) and a 0.014” 
angioplasty wire (Hi-Torque Whisper ES; Abbott). The microcath-
eter was then advanced over the wire into the pericardial space, 
and insufflation with CO2 or saline injection was performed to 
separate the pericardial layers. After a subsequent standard sub-
xiphoid puncture, the lattice-tip catheter was placed in the epi-
cardial space through a short, deflectable sheath (Agilis; Abbott).

An activated clotting time of 300 to 400 seconds was tar-
geted for all procedures. Catheter position and stability were 
carefully monitored using intracardiac echocardiography (ICE), 
fluoroscopy, and electroanatomic mapping. Two specific experi-
ments were performed, each designed to address different 
challenges encountered during ventricular ablation:

Intracavitary Structure Ablation
LV, RV PMs, and RV moderator bands were identified using ICE. 
Once catheter tip contact was ensured, ablation was performed 
by repetitive (3–5) deliveries of 5.5-second long applications 
with a minimum time interval of 7 to 8 seconds between appli-
cations (Figures 1 through 3). During applications, 2 observers 
(J.S.K. and M.N.) adjudicated quality of contact using ICE with 
careful annotation of instances of intermittent contact.

Epicardial and Bipolar Ablation
Two different ablation approaches were evaluated: (1) epi-
cardial monopolar PFA using 4 to 5 repetitive applications of 
the 5.5-second dose, as previously described (Figure 4).23 We 

WHAT IS KNOWN?
•	 Ventricular ablation has suboptimal success rates 

due to limited lesion depth with radiofrequency 
ablation, especially for mobile intracavitary struc-
tures like papillary muscles and deep myocardial 
substrates.

•	 The application of endocardial pulsed field ablation 
in the ventricles currently has limited lesion depth 
and is unable to achieve transmural left ventricular 
ablation.

WHAT THE STUDY ADDS
•	 Monopolar pulsed field ablation with the lattice-tip 

catheter can create reliable, high-quality lesions on 
papillary muscles and moderator bands, without 
disruption of these difficult to ablate structures.

•	 Monopolar epicardial pulsed field ablation with the 
same tip can create deep and wide lesions, and 
catheter-tip to catheter-tip bipolar pulsed field abla-
tion facilitates transmural left ventricular ablation.

Nonstandard Abbreviations and Acronyms

ICE	 intracardiac echocardiography
LV	 left ventricle
MRI	 magnetic resonance imaging
PFA	 pulsed field ablation
PM	 papillary muscle
RV	 right ventricle
VF	 ventricular fibrillation
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avoided the base of the ventricles and the septal epicardium (to 
avoid the main coronary arteries) and marked locations using 
the mapping system. (2) Bipolar ablation using 2 catheter tips 
across ventricular myocardial tissue (interventricular septum 

or LV free wall; Figures 5 through 7). For bipolar ablation, a 
second ablation catheter was connected to the PF generator’s 
grounding channel, thereby functioning as the return elec-
trode. Similar to bipolar radiofrequency ablation, the catheter 
tips were placed on opposite sides of the targeted ventricular 
wall using ICE and fluoroscopic guidance. Ablation was then 
performed via repeated (4–7) deliveries of 5.5-second applica-
tions. The tips were purposefully offset to each other to differ-
ent degrees to allow for assessment of maximum achievable 
depth (Figure 5). This was done to explore the capacity of this 
approach to achieve transmurality across different separation 
distances. In 2 animals, cardiac magnetic resonance imag-
ing (MRI) was performed with a 3.0 Tesla magnet (Sonata 
Magneton, Siemens) using previously described protocols.24

Pathological Evaluation
After completion of the survival period, animals were humanely 
euthanized using pentobarbital. The chest was opened, and 
thoracic organs were inspected and photographed. Tetrazolium 
trichloride was perfused and the heart was opened. Lesions 
were identified and then fixed in 10% buffered formalin for 
further analyses. Incomplete lesions were excluded from 
dimension analyses and comparisons. Lesions were sectioned, 
measured, and photographed. The samples were embedded 
in paraffin, cut to 2 slides each, and stained with hematoxy-
lin and eosin and Masson Trichrome, respectively. Slides were 
reviewed by board-certified veterinary pathologists who were 
blinded to electroanatomic data and outcomes. Microscopic 
measurements were taken with histopathologist analysis of the 
lesion border and measured on a transverse plane, originat-
ing from the assumed point of tissue contact with the ablation 
catheter tip.

Figure 2. Papillary muscle (PM) ablation, effect of tissue 
contact.
A, PM lesion (dotted line) 2 days post-ablation with good, stable 
contact. The lesion is confined to the PM and achieved a maximum 
depth of 6.4 mm. B, PM ablation with intermittent contact with 
wider but shallower (2.1 mm depth) lesion, extending to neighboring 
myocardium. LV indicates left ventricle.

Figure 1. Papillary muscle (PM) ablation.
A, Intracardiac echocardiography (ICE) images. Top, Catheter tip (arrow) in contact with the left ventricular (LV) posterior PM before 
ablation. Bottom, ICE image 90 minutes post-ablation with echogenic changes. B, Necropsy and histology findings 2 days post-ablation. 
Lesion confined to the PM. A small area of hemorrhage is seen. Maximum lesion depth was 5.7 mm. Histology (Masson Trichrome) reveals 
homogeneous necrosis (dotted line). C, After 21 days of survival, the PMs retain their integrity and overall structure. Chordae were intact (left) 
with a maximum lesion depth of 5.1 mm. There was no significant mitral valve regurgitation noted on ICE. MR indicates mitral regurgitation.
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Statistical Analysis
Categorial variables are displayed as count and percent-
age. Continuous variables are given as mean±SD if normally 
distributed, or as median (range) otherwise. Variables were 
tested for normal distribution via Kolmogorov-Smirnov test. 
Categorial variables were compared via Fishers exact test, and 
for comparisons of continuous parameters, Student t test or 
Mann-Whitney U test were used depending on the distribution 
of measurements. To compare paired data, a paired t test or 
Wilcoxon test was used. Two-sided P<0.05 were considered 
statistically significant. All statistical analyses were performed 
in SPSS 29.0 (IBM Corp, Armonk, NY).

RESULTS
The animal weight at the time of ablation was 59.6±3.4 
kg (n=14) and increased to 61.6±4.5 kg (P=0.03) after 
completion of survival. The survival period was completed 
in 13 of 14 (93%) animals: 1 swine intended for 7-day 
survival expired 1 day after ablation. In this swine, during 
an otherwise uneventful procedure, reintubation had been 
necessary due to a defective endotracheal tube. Necropsy 

of this swine revealed no unexpected findings other than 
a small hemorrhagic area within the trachea. Malignant 
arrhythmia after ventricular ablation or aspiration during 
reintubation were deemed as possible causes of death. 
Lesions from this animal were excluded from the analysis.

All other animals completed the survival period without 
significant events. Transatrial epicardial access was per-
formed in 7 animals (5 with CO2 insufflation, 2 with saline 
injection), and subsequent subxiphoid access was success-
ful in all 7 (100%) cases. This was performed after full ther-
apeutic heparinization. In 3 of 7 animals (43%), only mild 
hemorrhagic staining of the pericardial fluid (light pink) was 
noted after epicardial access, and no further increase in the 
bleeding occurred during the procedure. During necropsy, 5 
of these 7 (71%) animals showed minimal pericardial effu-
sion and minor adhesions. The perforation site in the right 
atrial appendage could be identified on the epicardial side 
as small defect or as an area of intramural hemorrhage in 
5 of 7 (71%) swine. The remaining 2 swine had a normal 
appearing epicardial surface. The perforation site was not 
visualized within the trabeculated endocardial surface in any 
of the 7 swine. No other complications were observed.

Figure 3. Moderator band ablation.
A, Intracardiac echocardiography images demonstrate the moderator band (MB) at baseline, preablation with the catheter in position, and 
postablation changes 10 minutes after. The white arrow points to the MB branch in contact with the catheter tip. B, Necropsy findings 2 days 
after ablation show transmural ablation of the MB as well as ablation of insertion points. C, Histology confirms transmural ablation of the MB 
(dotted lines) and the neighboring right ventricular (RV) wall. Masson Trichrome staining.
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Table 1 summarizes the distribution of swine, survival 
times and various lesion sets. A total of 45 applications 
were delivered in all 13 swine, and all 45/45 (100%) 
delivered applications were identified as lesions on 
necropsy.

Intracavitary Structure Ablation

PM Ablation
In total, 13 PMs (5 anterior LV, 6 posterior LV, 2 RV) were 
targeted in 7 animals using 3 to 5 repeat applications. 
Of these, 9 of 13 lesions were assessed at 2 days, 2 of 
13 at 7 days, and the remaining 2 of 13 at 21 days. Sta-
ble contact between catheter tip and myocardium was 
identified by ICE for 9 of 13 ablations, and intermittent 
contact was noted for the remaining 4 of 13 (Figure 1). 
During PFA applications, rapid myocardial activation/
contraction was noted on ICE which, based on visual 
assessment enhanced the degree of contact between 

the study catheter and the PM. Clear echogenic changes 
at ablated sites were noted within minutes after ablation 
on ICE and became more distinct and prominent over 
the remaining course of the procedure (Figure 1A). In 
the 2-day survival cohort, lesions demonstrated superfi-
cial and focal hemorrhage centrally (Figure 1B), but this 
appearance was noted to be absent in the 7-day sur-
vival cohort, suggesting resolution. In the chronic 21-day 
survival cohort, the lesions had a homogeneous, fibrotic 
appearance. All chordae remained intact, and ICE assess-
ment demonstrated no evidence of mitral valve dysfunc-
tion/regurgitation (Figure 1C). On histology (Figure 1B), 
lesions showed evidence of homogeneous ablation with 
minimal hemorrhage and moderate inflammation.

For the 9 of 13 lesions with good contact, lesion 
length, width, and depth were 18.3±2.4, 15.3±1.5, 
and 5.8±1.0 mm, respectively. Lesions with intermit-
tent contact were significantly shallower (3.9±1.3 mm; 
P=0.014) but with no significant differences in lesion 
length and width (18.8±4.7 mm; P=0.78 and 12.7±3.9 

Figure 4. Epicardial monopolar ablation.
A, Fluoroscopic image of the catheter tip (black arrow) on the epicardial surface. Small region of contrast staining seen related to subxiphoid 
needle epicardial access. B, Necropsy findings 2 days after ablation. A wide, homogenous lesion is seen on the epicardial surface (left). Cross 
section (right) reveals a lesion depth of 9 mm. Note the large epicardial coronary artery branch within the ablation lesion (white circle). C, 
Histology (Masson Trichrome) demonstrating a homogenous lesion (left). The coronary artery lumen remains patent as shown in the zoomed 
inset (right). Note part of the arterial medial wall is ablated as well. LV indicates left ventricle.
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mm; P=0.10, respectively). Lesions with good and sta-
ble contact were confined to the PM, without involve-
ment of neighboring myocardium whereas lesions with 
intermittent contact demonstrated limited extension to 
myocardial areas around the targeted PM (Figure 2). An 
overview of all PM lesions assessed after 2 days is pre-
sented in Figure S1.

Moderator Band Ablation
The moderator band was targeted in 2 swine. In both 
cases, contact between the catheter tip and moderator 
band was assessed by ICE, but given the narrow width of 
the band and variability of contact, we chose to deliver 3 
and 5 applications in the 2 swine. As with the PM lesions, 
echogenic changes, and evidence of tissue swelling 
were easily appreciated on ICE (Figure 3A). After sur-
vival for 2 days, both lesions demonstrated transmural 
ablation of the moderator band (confirmed on histology, 
Figure 3B and 3C) with extension to the septal and lat-
eral RV wall at its insertion. Lesion dimensions along the 
moderator bands were 19.5 and 24.0 mm (length), 15.3 
and 13.5 mm (width), and 5.1 and 6.1 mm (depth). The 
latter lesion with the 6.1 mm depth, which was placed on 
the lateral insertion of the moderator band, was noted to 
have achieved transmural ablation of the RV wall as well.

Epicardial and Bipolar Ablation

Epicardial Ablation
Twelve epicardial monopolar ablation lesions (5 anterior 
LV, 4 lateral LV, 1 apical LV, 1 posterior LV, and 1 inferior 
RV) were created in 4 swine that completed their 2-day 
survival. Two lesions were aborted after the first appli-
cation due to (1) the induction of ventricular fibrillation 
(VF), which was noted immediately after pulse delivery 
and (2) significant sinus bradycardia. There were no ST 
segment changes noted after these 2 events and the 
VF event resolved after defibrillation with no further 
ventricular arrhythmias. The remaining 10 of 12 lesions 
were delivered with 4 to 5 repetitions of the 5.5-second 
dose. Catheter placement for ablation and representative 
images of an epicardial lesion are shown in Figure 4. The 
catheter was easily manipulated within the pericardial 
space and contact was readily accomplished given the 
size of the catheter tip and lack of effusion. Two of the 
10 lesions (20%, 1 inferior RV, 1 apical LV) were noted 
to be transmural in extent. Furthermore, 2 lesions also 
revealed grossly visible coronary artery branches within 
the lesions, and their lumen was noted to be preserved 
(Figure 4B). Of note, there was no evidence of ST seg-
ment elevation (with respect to epicardial coronary artery 

Figure 5. Bipolar ablation—intracardiac echocardiography (ICE) and fluoroscopic views.
A, Septal bipolar ablation. Catheter tips are placed on opposing sites of the interventricular septum and positioned with optimized contact 
with 8.7-mm separation on ICE (top). The corresponding fluoroscopy image is shown in the bottom (AP-view). B, Bipolar ablation of the left 
ventricular (LV) free wall: One catheter tip was introduced retrogradely into the LV, and the other is in the epicardial space. Top, ICE view with 
the catheter tips 5.6 mm separated. The corresponding fluoroscopy image is shown in the bottom. C, ICE images during (top) and after septal 
bipolar ablation (bottom), showing increased echogenicity and edematous swelling (double arrow) of the ablated tissue. RV indicates right 
ventricle.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.124.012734
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spasm) at any time after completion of these lesions. 
The lesion that resulted in VF was noted to be at the 
lateral LV, and no major coronary arteries were noted on 
necropsy within the lesion. On histology, the epicardial 
lesions showed evidence of homogeneous ablation with 
minimal hemorrhage and moderate inflammation. Spar-
ing of the blood vessels within the lesions was seen 
(Figure 4C). Completed epicardial lesions had a mean 
length, width, and depth of 30.4±4.2, 23.5±4.1 and 
9.1±1.9 mm, respectively.

Bipolar Ablation
Eighteen successful bipolar ablations were delivered in 
8 swine: 11 across the interventricular septum (RV to 
LV septum) and 7 across the LV free wall (LV endocar-
dium to epicardium). Of these, 3 deliveries were aborted 
prematurely due to the induction of atrioventricular-block 
(at basal septal locations) in 1 swine, or induction of 
VF (2 swine). For the remaining 15 of 18 lesions that 
were completed, a median of 6 (4–7) repeat applications 

(5.5-second dose) were delivered. Six of 8 swine were 
survived for 2 days, 1 for 7 days, and 1 for 21 days.

Of the 15 complete deliveries, 2 septal ablations 
performed within 1 cm from the aortic cusp resulted in 
complete heart block that was noted only after the last 
bipolar application. One of these events resolved rap-
idly and the other required transient ventricular pacing 
followed by dopamine support until resolution of atrio-
ventricular block (34 minutes post-ablation). Due to 
changes in lesion size after fibrotic remodeling, the 3/15 
bipolar lesions assessed after 21 days were treated as 
a separate group for dimensional analyses. The remain-
ing 12/15 bipolar lesions had a mean length, width, and 
depth of 29.6±5.5, 21.0±7.3, and 14.3±4.7 mm, respec-
tively (Figure 6).

Compared with epicardial monopolar lesions, bipo-
lar lesions were significantly deeper (14.3±4.7 versus 
9.1±1.9 mm; P=0.001), but there were no significant 
differences in lesion length (29.6±5.5 versus 30.4±4.2 
mm; P=0.66) or width (21.0±7.3 versus 23.5±4.1 mm; 

Figure 6. Bipolar ablation—pathology.
A, Left, Gross appearance 2 days post-ablation. Septal bipolar lesion (white dotted line) shows central hemorrhagic changes extending to the 
center on the left ventricular (LV) aspect. This lesion measures 18 mm wide and 16 mm deep. Middle, Histology (H&E-stain) demonstrates 
the septal lesion (black dotted line). Right, Gross appearance 7 days post-ablation: a transmural septal lesion demonstrates mild hemorrhage 
and surrounding calcification limited to the LV aspect, with the rest of the lesion appearing pale typical of chronic PFA lesions. There were no 
signs of tissue disruption. B, Left, Gross appearance 2 days post-ablation. A bipolar LV free wall lesion with a central dark area (black dotted 
line) spanned through the entire thickness that corresponds to transmural hemorrhagic changes in histology (mid, H&E-stain). Right, Gross 
appearance 21 days post-ablation. A transmural LV wall bipolar lesion (white dotted line) is seen with a fibrotic appearance and without signs 
of hemorrhage. Compared with the neighboring unablated LV free wall (13.1 mm), the lesion center demonstrates reduced wall thickness (9.6 
mm) related to wall thinning from fibrotic remodeling. RV indicates right ventricle.
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P=0.23; Table 2; Figure 8). In the 1 animal that was sur-
vived for 21 days, all 3 bipolar LV lesions were transmural. 
The ablated tissue appeared fibrotic, with reduced ven-
tricular wall thickness, as expected with the contraction 
inherent to fibrotic remodeling (Figure 6B). Specifically, 
for these 3 LV lesions, the comparative wall thickness in 
the lesion center versus the neighboring healthy myo-
cardium were 6.4 and 9.7 mm (33% wall thinning), 9.6 
and 13.1 mm (27% wall thinning), and 7.3 and 12.2 mm 
(40% wall thinning), respectively. There were no signs 
of aneurysm formation, or areas of tissue disruption or 
liquefactive necrosis (Figure 6B).

Of the 15 completed bipolar lesions, 13 (87%) were 
transmural (versus 20% for the epicardial monopolar 
lesions; P=0.002). The deepest transmural lesion had 
a depth of 21.3 mm. Transmural bipolar lesions typically 
showed a rectangular cross section while nontransmu-
ral lesions appeared semicircular, resembling focal PFA 
lesions. Of note, 1 incomplete lesion was transmural with 
only 1 application delivered, spanning through a 11.1-
mm thick septum.

Bipolar lesions at the 2-day time point had noticeable 
hemorrhagic changes in the center of the lesions that 
either spanned across the entire lesion (after LV free wall 

Table 1.  Summary of Animals, Survival Periods, and Ablation Details

Survival period 2 days 7 days 21 days 

No. of swine 10 2 (one swine expired 1 d post-ablation) 2

Ablation targets MB (2)
RV PM (2)
LV anterior PM (3)
LV posterior PM (4)
Bipolar septal (9)
Bipolar LV (4)
epicardial LV (11)
epicardial RV (1)

LV anterior PM (1*)
LV posterior PM (1*)
Bipolar septal (2*)

LV anterior PM (1)
LV posterior PM (1)
Bipolar LV (3)

LV indicates left ventricle; MB, moderator band; PM, papillary muscle; and RV, right ventricle.
*Marks the ablation targets for the animal that completed the 7-d survival period. The numbers in brackets represent the number of 

lesions created for the ablation targets. 

Figure 7. Magnetic resonance imaging.
A, Bright-blood late gadolinium enhancement (LGE) sequence of a septal bipolar lesion. The ablation lesion (yellow dotted line) is well 
demarcated by LGE, with a small region of microvascular obstruction (MVO, arrow). B, Septal bipolar lesion (yellow dotted line) in bright- and 
dark-blood LGE-sequences. C, Epicardial lesions (yellow dotted lines). D, Strong correlation (r=0.88) of lesion depth measured in magnetic 
resonance imaging (MRI) to that measured on necropsy.



Nies et al Ventricular PFA of Difficult Targets

Circ Arrhythm Electrophysiol. 2024;17:e012734. DOI: 10.1161/CIRCEP.124.012734� June 2024 350

ablation; Figure 6B) or was more prominent at 1 surface 
(after septal ablation; Figure 6A). Histology confirmed 
wide, transmural lesions after bipolar ablation. Despite min-
imal to mild hemorrhagic areas in septal bipolar lesions, the 
blood vessels within the lesion had patent lumen (Figure 
S2A). On the other hand, a single LV free wall lesion that 
was submitted for histology (Figure S2B) revealed both 
prominent hemorrhage, and vessels with clear ablation of 
the medial wall but with preservation of their lumen. In the 
2 swine that were sacrificed after 7 and 21 days, no signifi-
cant hemorrhage was noted upon gross observation.

Magnetic Resonance Imaging
All 11/11 lesions delivered were visualized in the 2 swine 
that underwent cardiac MRI. Ablation lesions demon-
strated intense late gadolinium enhancement. Dark-blood 
sequences facilitated the identification of the endocardial 
border and lesion boundaries, as has been described for 
PFA lesions before (Figure 7).24 In only 1 septal bipo-
lar lesion, an area without contrast enhancement was 
observed in the lesion center, suggesting microvascular 
obstruction (Figure 7A). The median lesion depths on 
MRI and necropsy were 8.4 (4.3–22.2) and 9.0 (5.3–
21.3) mm, respectively. Lesion depths on MRI and nec-
ropsy correlated strongly (r=0.88; P<0.001; Figure 7D).

DISCUSSION
This in vivo evaluation offers additional new insights into 
the behavior of PFA delivered by the lattice-tip catheter 
into porcine ventricular myocardium that adds to our prior 
work. Specifically, we demonstrate that:

1. 	 PMs can be successfully ablated with lesion 
depths of ≈6 mm using 3 to 5 repeated deliver-
ies of the monopolar 5.5-second PF dose. Poor 
contact lesions were shallower, and chronic lesions 
demonstrated fibrotic healing without damage to 
chordal structures and without mitral regurgitation.

2.	 Similarly, moderator bands, despite their narrow 
width and accentuated mobility, can be success-
fully and transmurally ablated using the repeated 
5.5-second PF applications.

3.	 Transatrial insufflation of carbon dioxide or saline 
through the distal right atrial appendage can be 
used to assist epicardial access without incurring 
significant pericardial bleeding despite its perfor-
mance on full therapeutic anticoagulation.

4.	 Epicardial monopolar PFA can create large lesions 
with a mean length, width, and depth of 30.4±4.2, 
23.5±4.1, and 9.1±1.9 mm, respectively also using 
repeated deliveries of the 5.5-second PF dose.

5.	 Bipolar PFA lesions were successfully created 
using 2 separate lattice-tip catheters. The ability to 
position and maintain stability with this tip allowed 
for use of repeated 5.5-second applications to cre-
ate lesions both across the septum and the LV free 
wall. An 87% transmurality rate and mean depth 
of 14.3±4.7 mm was achieved without evidence 
of thermal injury or tissue disruption and with evi-
dence of fibrotic healing.

Several preclinical reports have raised considerable 
interest in PFA’s potential for ventricular ablation, hoping 
to mirror some of the efficiencies and safety advantages 
that have been realized for atrial fibrillation ablation with 
PFA.21,32–34 We and others previously demonstrated that 
endocardial ventricular lesions can be created using the 

Table 2.  Comparison of Lesion Dimensions Achieved With 
Different Ablation Strategies

 Epicardial Bipolar P value 

Lesions 10 (9 LV, 1 RV) 15 (9 septal, 6 LV)  

Dose 5.5-second repeats 5.5-second repeats  

Length 30.4±4.2 mm 29.6±5.5 mm (n=12)* 0.66

Width 23.5±4.1 mm 21.0±7.3 mm (n=12)* 0.23

Depth 9.1±1.9 mm 14.3±4.7 mm (n=12)* 0.001

Transmurality 2/10 (20%) 13/15 (87%) 0.002

LV indicates left ventricle; and RV, right ventricle. 
*Marks the analyses, which excluded the three 21-d lesions that demonstrated 

scar contraction.

Figure 8. Lesion dimensions with different ablation strategies.
Box plots illustrate the differences in lesion size. Bipolar lesions were significantly deeper than epicardial monopolar lesions, but there were no 
significant differences in lesion length or width.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.124.012734
https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.124.012734
https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.124.012734


Nies et al Ventricular PFA of Difficult Targets

Circ Arrhythm Electrophysiol. 2024;17:e012734. DOI: 10.1161/CIRCEP.124.012734� June 2024 351

lattice-tip PFA catheter and that (1) monopolar applica-
tions of 5.5-second duration when repeated can pro-
gressively increase lesion dimensions, reaching depths 
of up to 6.1±2.1 mm (4× repetitions), (2) that epicar-
dial monopolar PFA is feasible, and (3) that endocardial 
scar (to a maximum depth of 4.2 mm) does not impair 
PFA lesion formation and penetration.23 In addition, pre-
clinical evaluations with this and other PFA technologies 
have corroborated these observations, but the maximum 
depth achieved has been limited to the ≈6 to 8 mm range 
across technologies.22–24,35,36

Our continued inability to address certain ventricu-
lar arrhythmias clinically has long been recognized, and 
this recently has led to clinical reports of PFA optimized 
for atrial ablation being used for refractory ventricular 
arrhythmias with understandably less-than-optimal suc-
cess.26,28,29 Thus, approaches to improve depth, workflow 
efficiency, and ablation outcomes for arrhythmias from 
different ventricular locations are needed and if and how 
this can be achieved with PFA remains unexplored.

Our current report demonstrates that PFA is indeed 
suitable for ablating mobile intracavitary structures. 
Although stable contact is needed for maximizing depth, 
the electric-field intensity-based mechanism of PFA, and 
the design advantages of the lattice-tip structure allowed 
for consistent lesion formation with ease. This advantage 
of using PFA with such a tip is especially relevant for 
PM and moderator band arrhythmias.6,9,37,38 We demon-
strate that PM tips (generally the most unstable regions 
for catheter placement) as well as other regions (eg, PM 
base) can be targeted with clinically meaningful lesion 
depths. Also, after weeks of survival, there appears to be 
no evidence of disruption of muscular and chordal struc-
tures or development of mitral regurgitation. The ability 
to completely ablate the moderator band and its insertion 
site is particularly notable as these are notoriously diffi-
cult sites to ablate with conventional catheters.

The epicardial lesions created in this report were 
noted to be significantly larger and deeper (≈9 mm ver-
sus ≈6–7 mm) than endocardial lesions that have been 
described.23,35 Factors favoring improved depth in the epi-
cardium include improved and more stable contact within 
the confined pericardial space that naturally promotes 
epicardial contact with the large compressible lattice tip 
and the lack of blood pool–related loss of current during 
PFA applications. Although we did encounter occasional 
instances of VF, this phenomenon is consistent with the 
stimulatory nature of PFA as we have demonstrated in 
our prior reports. However, it is also important to recog-
nize the strong proclivity for developing VF during ven-
tricular ablation in swine, a phenomenon that is widely 
appreciated with radiofrequency ablation as well.23 The 
clinical relevance of this event and the need for ventricu-
lar gating remains to be determined.

Based on the efficacy of bipolar radiofrequency abla-
tion as a solution for deep myocardial substrates, we 

also investigated bipolar PFA delivered across 2 cath-
eter tips using this system.15 We successfully created 
transmural lesions (14.3±4.7 mm) across the septum 
and LV free wall for 87% of completed deliveries, sug-
gesting that this is a highly efficacious approach. How-
ever, there are several important aspects to consider. 
This approach creates the deepest lesion with any PFA 
catheter thus far. The occurrence of prominent hemor-
rhagic changes is significant as the delivered current 
between 2 catheters with good/symmetrical contact 
can concentrate the electric-field intensity. It is possible 
that these high fields are responsible for the degree 
of hemorrhage (typically not seen with this catheter/
waveform during monopolar applications), as well as the 
corresponding small region of microvascular obstruc-
tion noted on MRI. In addition, we did not measure the 
temperature profile of such bipolar deliveries, and while 
we estimate thermal ablation to be unlikely, it cannot be 
ruled out.

The shape of the bipolar lesion was cylindrical when 
the catheters were directly opposite each other with 
intercatheter distances of ≈10 to 15 mm. As the separa-
tion increased, the lesions appeared to adopt semicir-
cular shapes reminiscent of how radiofrequency current 
behaves when delivered in bipolar fashion with increas-
ing separation. However, transmurality was observed 
in 1 lesion despite ≈21 mm of separation (although 
in a relatively narrow region), and in another instance, 
a single bipolar application alone was able to achieve 
transmurality across 11 mm thick myocardium. Further 
studies are needed to understand the minimum number 
of repeat applications needed for transmurality and at 
what separation loss of transmurality consistently occurs. 
The occurrence of atrioventricular block at basal septal 
sites, albeit reversible, is also important to consider as 
this effect is likely to be clinically relevant and appropri-
ate care must be taken to address such an occurrence 
even if transient. Furthermore, a better understanding of 
how far from the conduction system PFA deliveries can 
be safely administered is needed.

We previously reported the occurrence of edema 
after PFA in swine atria; as demonstrated in this report, 
edema occurs in the ventricle as well.30 The impact of 
large lesions and accompanying edema must be taken 
into consideration as the consequent impact of wall 
motion abnormalities can have adverse hemodynamic 
effects—particularly in patients with either reduced ven-
tricular function or in instances wherein a significant vol-
ume of healthy myocardium is targeted (more prone to 
edema). Finally, at necropsy, the 2 animals with bipolar 
lesions that were survived for >48 hours showed firm, 
contracted regions of scarring with calcification but with-
out evidence of tissue disruption, liquefactive necrosis 
or aneurysmal change. This is important as ventricular 
septal defects have been reported with bipolar radiofre-
quency current; although we are limited by our sample 
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size, we think (based on this and prior chronic evalua-
tions) that this risk is less likely with PFA. Of course, this 
must be confirmed with additional experience.

Limitations
This preclinical evaluation was performed in healthy 
swine, so caution should be exercised in extrapolating 
these findings to healthy human and scarred myocar-
dium. Individual experiments are of limited sample size 
given their exploratory nature and this can consequently 
impact the strength of the observations described. The 
animals that were survived for >48 hours are limited in 
this report and this should be considered when extrap-
olating to long-term lesion healing and behavior. None 
of the bipolar or epicardial applications involved direct 
assessment of coronary artery spasm either at the site 
of application or remotely, so this risk needs to be sepa-
rately considered.

CONCLUSIONS
Focal PFA using the lattice-tip catheter can reliably cre-
ate large ventricular lesions with consistency and rea-
sonable safety. We specifically demonstrate successful 
ablation of intracavitary mobile structures, creation of 
large and deep epicardial lesions, and dual-catheter 
transmural bipolar ablation of the septum and the left 
ventricular wall.
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