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Aims Irreversible electroporation (IRE) ablation is a non-thermal ablation method based on the application of direct cur-
rent between a multi-electrode catheter and skin electrode. The delivery of current through blood leads to elec-
trolysis. Some studies suggest that gaseous (micro)emboli might be associated with myocardial damage and/or
(a)symptomatic cerebral ischaemic events. The aim of this study was to compare the amount of gas generated dur-
ing IRE ablation and during radiofrequency (RF) ablation.

...................................................................................................................................................................................................
Methods
and results

In six 60–75 kg pigs, an extracorporeal femoral shunt was outfitted with a bubble-counter to detect the size and
total volume of gas bubbles. Anodal and cathodal 200 J IRE applications were delivered in the left atrium (LA) using
a 14-electrode circular catheter. The 30 and 60 s 40 W RF point-by-point ablations were performed. Using transoe-
sophageal echocardiography (TOE), gas formation was visualized. Average gas volumes were 0.6 ± 0.6 and
56.9 ± 19.1 lL (P < 0.01) for each anodal and cathodal IRE application, respectively. Also, qualitative TOE imaging
showed significantly less LA bubble contrast with anodal than with cathodal applications. Radiofrequency ablations
produced 1.7 ± 2.9 and 6.7 ± 7.4 lL of gas, for 30 and 60 s ablation time, respectively.

...................................................................................................................................................................................................
Conclusion Anodal IRE applications result in significantly less gas formation than both cathodal IRE applications and RF applica-

tions. This finding is supported by TOE observations.
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Introduction

Thermal ablation [radiofrequency (RF) or cryo-ablation] is the
current standard for cardiac catheter ablation. However, thermal
energy does not discriminate between different tissue types,
resulting in collateral damage [e.g. pulmonary vein (PV) stenosis,

phrenic nerve palsy or oesophageal ulceration or fistula].1 In ad-
dition, incomplete lesion formation results in �30%
recurrences.1,2

Irreversible electroporation (IRE) is a recently introduced ablation
modality for pulmonary vein isolation (PVI).3,4 With this technique, a
high (direct) current is applied between a multi-electrode circular
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catheter and an indifferent skin electrode, creating nanopores in the
cell membrane of the cardiomyocytes which ultimately will lead to
cell death by apoptosis.5 Safety and efficacy animal studies showed
that IRE ablation is a promising alternative for the current used ther-
mal ablation modalities.4,6–12 These studies showed that IRE ablation
is capable of creating sufficient lesion depth to perform cardiac abla-
tion,4,6,7,12 without causing complications as seen during thermal abla-
tion.8,10,11 However, the delivery of a current to blood with dissolved
electrolytes will inevitably lead to gas formation. Some studies sug-
gest that gas (micro)emboli might be associated with cerebral ischae-
mic events, myocardial, or other organ damage by obstruction of
(capillary) vessels.13–19

Previously, gas formation during IRE ablation was characterized
and measured in a saline solution, using direct volume measurements,
bubble counting and high-speed camera analysis in vitro.20 This study
demonstrated that gas formation predominantly occurs at the edges
of the electrodes. Cathodal IRE applications produced significantly
more gas compared with anodal IRE applications, and there is a
strong linear relationship between delivered charge and the amount
of formed gas. Although these results give an indication of the clinical
impact of the gas formation during IRE ablation, generation of gas
might be influenced by factors which could not be included in the
in vitro study, e.g. blood composition, blood temperature, and blood
flow. Furthermore, no comparison was performed with gas forma-
tion during RF ablation, because gas formation during RF ablation is
based on tissue heating.21

In a previous study by Takami et al.,22 microemboli formation dur-
ing RF ablation was studied in a porcine model. An extracorporeal
loop, equipped with a clinical bubble counter, was used for the detec-
tion of microemboli. In the present in vivo porcine study, a similar set
up was used to measure the size and volume of generated gas bub-
bles to compare gas formation during IRE with RF ablation.
Additionally, gas formation during non-arcing IRE ablation applica-
tions and RF ablation was visualized using transoesophageal echocar-
diography (TOE).

Methods

All experiments were approved by the Animal Experimentation
Committee of the University Medical Center Utrecht and are in compli-
ance with the Guide for the Care and Use of Laboratory Animals.23

Study procedure
This study was performed in six 60–75 kg Topigs Norsvin pigs. The ani-
mals were given amiodarone 1200 mg/day starting 7 days before the pro-
cedure. The animals were sedated, intubated, and anaesthetized
according to a standardized protocol.4 A patch electrode (7506, Valley
Lab Inc., Boulder, CO, USA) was placed on a shaven area at the lower
back and served as indifferent electrode. Intravenous heparin was admin-
istered to maintain an activated clotting time of >350 s. Under fluoro-
scopic guidance, via the right femoral vein, transseptal puncture was
performed using a deflectable sheath (Agilis, St. Jude Medical,
Minnetonka, MN, USA). Using a Swan-Ganz catheter, the cardiac output
was measured and stored during the experiments.

Extracorporeal shunt loop
An external shunt was created between the left femoral artery and the
left femoral vein, using 18—20-Fr cannulas and 3/8 inch tubing (Figure 1).
Two BCC200 (Gampt GmbH, Merseburg, Germany) ultrasound probes
and an extra flow sensor (Medtronic Bioconsole, TX-40 flow transducer,
Minneapolis, MN, USA) were attached to the external parallel circuit
(Figure 1). The flow in the shunt was measured continuously and kept
constant at 1 L/min by partly clamping the venous side of the shunt.

The BCC200 bubble counter is a measuring device for detection and
quantification of microbubbles of 10–500lm in diameter. The number
and size of gas bubbles over time and total volume of gas per probe were
measured and stored. During analysis, the measurements of the two
probes were added together to calculate the number and size of gas bub-
bles per application.

Transoesophageal echocardiography
Transoesophageal echocardiography was performed to visualize the
microbubbles in the left atrium (LA), left ventricle, or in the proximal
aorta using an IE33 (Philips, Eindhoven, Netherlands) in combination with
a 2–7 MHz S7-2 Omni TOE probe. The amount of bubbles on the images
was retrospectively scored by a blinded expert in echocardiography into
four categories ‘none’, ‘few’, ‘moderate’, or ‘shower’, as described by
Takami et al.22

Ablation settings
Irreversible electroporation ablation

A custom 7-Fr circular 14-electrode catheter (St. Jude Medical,
Minnetonka, MN, USA) with an adjustable loop diameter of 16–27 mm
was used for IRE ablations.20 A monophasic external defibrillator (LifePak
9, Physio-Control Inc., Redmond, WA, USA) was used to deliver the IRE
applications. An oscilloscope (Tektronix TDS 2002B, Beaverton, OR,
USA) was used to store the voltage and current waveforms. For both
cathodal and anodal applications, energy levels of 50, 100, and 200 J were
used in combination with the large (27 mm) hoop diameter, while in the
last three animals applications of 50 J were used in combination with the
small (16 mm) hoop diameter. The total system resistance was adjusted
by adding serial resistor, to create a similar resistance of 55–65 X in all
animals. With the catheter floating freely in the LA, five IRE applications
were delivered for each energy setting. After each application, the cathe-
ter was pulled into the distal part of the sheath and the sheath was flushed
to remove bubbles which could have adhered to the electrode. Number
of bubbles, bubble size, and total gas volume per application were mea-
sured and stored.

Radiofrequency ablation

With a 7-Fr irrigated ablation catheter (TactiCath, St. Jude Medical,
Minnetonka, MN, USA), 40 W, 30, and 60 s point-by-point RF ablation

What’s new?

• This is the first in vivo study in which gas formation during deliv-
ery of non-arcing irreversible electroporation (IRE) applica-
tions using a circular multi-electrode catheter is measured and
compared with radiofrequency (RF) applications.

• This study shows that anodal IRE applications result in signifi-
cantly less gas formation than both cathodal IRE applications
and RF applications.
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lesions using a cardiac ablation generator (IBI-1500T7, Irvine Biomedical,
CA, USA) were created at random positions at the LA wall. Care was
taken to achieve stable catheter contact. The experimental setup did not
allow to measure contact force even though a contact force catheter was
used. Heparinized saline catheter irrigation was set at 30 mL/min during
ablation, maximum tip temperature was set at 42�C. Number of bubbles,
bubble size, and total gas volume per application were measured and
stored.

Statistical analysis
All continuous variables are expressed as mean ± SD or SEM or median
[interquartile range (IQR)] where appropriate. Data were analysed using
Matlab 2017a (The Mathworks, Natick, MA, USA). Total gas volume and
number of bubbles were corrected by the ratio between flow rate in the
external loop and cardiac output. Bubble volumes produced by cathodal
vs. anodal IRE applications, small vs. large catheter hoop diameter, and
IRE applications vs. RF applications were compared using the Mann–
Whitney U test. Regression analysis was performed to determine the lin-
ear correlation between volume and delivered charge. A P-value of <0.05
was considered statistically significant.

Results

A total of 187 non-arcing IRE applications and 60 RF ablations per-
formed in 6 animals were analysed. The median cardiac output was
4.7 (IQR: 1.2) L/min.

Irreversible electroporation ablation
Total bubble volume and mean bubble size were significantly larger
for cathodal compared with anodal IRE applications at all energy

levels for both catheter hoop sizes (P < 0.01) (Table 1). Differences in
total volume between 16 and 27 mm hoop diameter were not signifi-
cant for both cathodal and anodal IRE applications (P = 0.0575 and
P = 0.7374, respectively) (Table 1). No significant differences in mean
bubble size were found between 16- and 27-mm hoop diameter for
cathodal and anodal IRE applications (P = 0.5174 and P = 0.5174, re-
spectively). A linear relationship was found between delivered charge
and total volume for cathodal and anodal IRE applications delivered
with the 27-mm catheter hoop diameter (Figure 2).

Radiofrequency ablation
RF ablation was successfully performed in all animals, no audible
steam pops were observed. Few bubbles were measured at the start
of the RF applications, the greater part of the produced gas volume
arose at the end of the RF ablations. 60 s RF ablations produced sig-
nificantly more gas volume than 30 s RF ablations (P = 0.0017,
Table 2).

No significant difference was observed in mean bubble size for 30
s RF ablations compared with 60 s RF ablations (P = 0.1797).
Cathodal 200 J IRE applications produced significantly larger bubbles
than 30 and 60 s RF ablations (both P = 0.0022). Anodal 200 J IRE
applications produced significantly smaller bubbles than 60 s RF abla-
tions (P = 0.0140), while no significant difference in mean bubble size
was found between anodal 200 J IRE applications and 30 s RF
ablations.

Transoesophageal echocardiography
With IRE ablation, all cathodal applications were marked as
‘shower’, while anodal applications were marked as ‘few’ or

Figure 1 Schematic overview of the procedure setup as used for the BCC200 measurements, including the external shunt between the femoral ar-
tery and vein. On both legs of the parallel circuit, bubble counter ultrasound probes (BCC200) were attached. A parallel circuit was used to prevent
saturation of the bubble counter, which could be an issue for large amounts of bubbles at the same time. With this method, the number of bubbles is
distributed across the two ultrasound probes. A flow probe (TX40 Flow Bioconsole) was attached to venous side of the shunt.
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‘moderate’. RF ablations were mostly categorized as ‘few’ or
‘moderate’ (Figure 3). IRE applications showed an immediate re-
lease of bubbles on TOE, while RF ablations showed a gradual in-
crease in the number of bubbles throughout the duration of the
energy application.

Discussion

Recent studies suggest that cardiac catheter ablation using IRE may
be a suitable alternative for thermal cardiac catheter ablation.9,24,25

Although many studies were conducted with respect to safety and

......................................................................................................................................................................................................................

Table 1 Results of the bubble counter measurements corrected for cardiac output

Catheter

polarity

Hoop diameter

(mm)

Energy

(J)

Volume

(lL)

Mean bubble size

(lm)

Peak voltage

(V)

Peak current

(A)

Resistance

(X)

Delivered charge

(mC)

Cathodal 16 50 25.9 ± 10.3 95 ± 14 1065 ± 12 15.7 ± 0.2 68.6 ± 0.9 72 ± 0

27 50 19.9 ± 11.5 86 ± 18 1047 ± 22 16.2 ± 0.5 66.4 ± 1.9 73 ± 1

27 100 55.8 ± 28.0 108 ± 17 1468 ± 5 24.1 ± 0.1 66.6 ± 12.2 106 ± 1

27 200 85.4 ± 36.5 117 ± 17 2053 ± 47 33.7 ± 1.2 62.6 ± 8.5 148 ± 2

Anodal 16 50 0.18 ± 0.12 34 ± 4 1055 ± 14 15.9 ± 0.3 67.5 ± 4.5 72 ± 0

27 50 0.19 ± 0.13 31 ± 5 1037 ± 28 16.4 ± 0.7 66.3 ± 8 72 ± 1

27 100 0.41 ± 0.34 35 ± 6 1456 ± 13 24.5 ± 0.3 62.5 ± 6.6 106 ± 1

27 200 0.61 ± 0.52 41 ± 6 2015 ± 34 34.9 ± 0.9 57.9 ± 2.4 148 ± 1

Cathodal IRE applications produced a significantly larger volume and larger bubbles compared with anodal IRE applications. No significant difference in volume and bubble size
was measured between the 16 mm and 27 mm catheter hoop diameters for anodal and cathodal IRE applications.

Figure 2 Regression analysis between delivered charge in mA and total gas volume. Gas volume is displayed as mean±SEM. (A) Cathodal IRE appli-
cations, with a slope of 0.7797lL/mC. (B) Anodal IRE applications with a slope of 0.0049lL/mC. Note the different scale on the y-axis.

......................................................................................................................................................................................................................

Table 2 Results of 30 and 60 s RF ablations

Energy (W) Duration (s) Volume (lL) Mean bubble size (lm) Delivered energy (J)

RF ablation 40 30 1.7 ± 2.9 43 ± 13 959 ± 115

40 60 6.7 ± 7.4 55 ± 11 2171 ± 79

RF, radiofrequency.
Sixty second RF ablations produced a significant larger volume compared with 30 s RF ablations.
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efficacy of IRE ablation, none of these studies investigated the devel-
opment of gas bubbles during ablation. The purpose of this study was
to investigate the influence of polarity and catheter hoop diameter
on gas bubble formation and to compare gas bubble formation during
IRE with RF ablation.

Our main findings were that, for all energy levels using the 27 mm
catheter hoop diameter, cathodal applications produced a higher gas
volume than anodal applications. Hoop diameter did not affect total
gas volume for cathodal and anodal IRE applications. A linear relation
was found between delivered charge and the measured gas volume.
The TOE analysis correlated well with the gas volume as determined
by the bubble counter.

Comparison between cathodal and
anodal irreversible electroporation
applications
The ratio between cathodal and anodal 200 J IRE applications was
85.4–0.6mL. This �124-fold difference is much higher than the ratio

found during previous in vitro measurements.20 Assuming that hydro-
gen and oxygen are the main gases generated at the cathode and an-
ode, respectively, Faraday’s law predicts that a 200 J IRE application
(with �148 mC delivered charge) should result in 34.3 and 17.2mL
gas volume for cathodal and anodal IRE applications, respectively.
However, the gas volume measured with cathodal IRE applications
was more than twice the theoretical value, while the volumes mea-
sured with anodal IRE applications were�28 times smaller than pre-
dicted. A factor that might influence the measured amount is the
exact gas composition for the different polarities that may have differ-
ent solubility or cause different reactions in the blood. Since these
measurements cannot be performed in vivo, the composition of the
produced gasses in this study was not determined.

Radiofrequency applications
Takami et al.22 compared 30 with 50 W point-by-point RF ablations,
resulting in a median of 36 (IQR: 122) and 62 (IQR: 183) nL per RF
ablation in the absence of steam pops. Their results suggest that RF
ablations produce less volume than was measured during our

Figure 3 Example images showing different categories that were used for TOE analysis: (A) few isolated bubbles, (B) continuous but non-dense
(moderate), (C) continuous and dense microbubbles (shower) and (D) mean total gas volume corresponding with the three TOE categories, note
that the scale on the y-axis is logarithmic. LA, left atrium; LV, left ventricle.
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experiments. Possible explanations might be that Takami et al. did
not correct for the cardiac output, resulting in an underestimation of
the total volume produced at the catheter. Furthermore, in their
study no distinction was made between 30 and 60 s RF applications.

In the present study, the produced volume of one 200 J IRE appli-
cation was compared with the produced volume of RF ablations of
both 30 and 60 s. A more than two times larger gas volume was pro-
duced by 60 s RF ablations compared with 30 s RF ablations (Table 2).
Although previous studies showed that bubble formation during RF
ablation is dependent on the tissue temperature,21 the exact relation-
ship between RF duration, delivered energy, (tissue) temperature
and the produced gas volumes requires further investigation. These
data suggest that RF ablations that exceed 60 s may produce even a
larger gas volume. The average ablation time during PVI procedures
using RF ablation is 1885 s (1510–2450 s),26 but no consensus data
are available about the duration per RF application.

Although our data suggest that anodal IRE ablation would result in
less gas formation during a total procedure as compared with RF ab-
lation, too much assumptions (e.g. total amount of RF applications
and application duration, amount of catheter flushing during the appli-
cation and the amount of electrode-tissue contact) are required to
perform a reliable calculation based on the current data.

Clinical implications
As explained above, gas formation depends on several parameters.
Delivered charge is directly related to the total gas volume, and
therefore it is recommended to use the lowest energy setting possi-
ble. Earlier research focused on lesion size created by cathodal IRE
applications and concluded that 200 J IRE applications can create ade-
quate lesion size.7

No significant differences in total gas volume were measured be-
tween the 16 and 27 mm catheter hoop diameters. This is beneficial
for the intended therapy (PVI), since human PVs are irregular in size
and shape. Therefore, the catheter can be adjusted to fit in the an-
trum of the PVs, without producing more gas volume during ablation.

The results of this study show that total gas bubble volume and
bubble size are larger during cathodal IRE applications compared
with anodal applications. So, intuitively, anodal IRE applications
should be preferred over cathodal IRE applications. However, all
safety and efficacy studies so far were conducted using cathodal IRE
applications, therefore the efficacy and safety profile of anodal IRE
applications is yet unknown.7,8,10,11 The difference between cathodal
and anodal IRE applications is the direction of the current between
the catheter and the indifferent skin patch. It is reasonable to assume
that there is no difference between the two modalities, since in both
cases the same current is flowing through the cardiac cells in a re-
verse direction, leading to the same level of electroporation.
However, some studies suggest that electrolysis will cause additional
damage beyond the region of irreversible electroporation, and that
there is a difference between cathodal and anodal pulses due to the
different electrolysis products.27,28 To determine which modality is
best suited for clinical application, future studies should be performed
to analyse the influence of electrolysis on lesion formation and possi-
ble creation of additional damage.

Clinical relevance of the produced gas bubbles is difficult to pre-
dict. Several studies were performed to investigate the influence of
total volume of injected air or the influence of bubble size on clinical

outcome, mostly focusing on cerebral damage. Haines et al.29 found
acute ischaemic cerebral lesions with bubbles with a diameter of 20–
200mm or a minimal volume of 4 lL. Chung et al.30 found that micro-
bubbles with a diameter <38mm did not impair cerebral blood flow.
Helps et al.31 stated that injection of 25mL air injected in the carotid
arteries impairs cerebral blood flow in a rabbit model. Michell et al.32

stated that large bubbles might directly impair blood flow and cause
ischemia, however small bubbles will redistribute and might induce
transient ischemia and damage to the endothelial wall. From these
studies, no uniform conclusion can be drawn about the effect of gas
bubble size and gas volume during catheter ablation. Clinical rele-
vance can be studied using MRI analysis after ablation, as described by
Deneke et al.15 Silent cerebral events and lesions are found in 11–
38% of the patients after RF and cryo-ablation. Future clinical studies
should perform MRI imaging to investigate the clinical relevance of
the formed gas.

Finally, besides ablation itself, recent studies indicated the impor-
tance of catheter and sheath handling during catheter ablation.19

Therefore, irrespective of the ablation modality used, sheath and
catheter manipulations need to be performed with great caution, to
minimize the risk of embolic events.

Limitations
We measured cardiac output and flow rate in the external loop and
corrected for total gas volume and number of bubbles with this ratio.
Theoretically, this would approximate the total gas volume produced
at the catheter. However, the bubbles might not distribute evenly at
every bifurcation. Furthermore, bubbles with a diameter of 20–
60mm will distribute based on blood flow, because they have no
buoyancy in flowing blood.33 However, in our study also bubbles
with a larger diameter were observed. This might cause an over- or
underestimation of the total bubble volume produced at the
catheter.

During this study, IRE applications were performed with the cathe-
ter free floating in the LA, instead of in the PV ostia as would be the
case during a PVI procedure. We assumed that the delivery of appli-
cations in the LA would lead to a comparable amount of gas as com-
pared with delivery in the PV ostia, because it is thought that gas
generation is caused by electrolysis and not by tissue temperature
rise as during RF ablation. Since this study was not focused on abla-
tion efficacy, the location of the IRE applications is not of importance.
To prevent bubbles sticking to the catheter electrodes from influenc-
ing the subsequent energy application, we cleaned the catheter after
every application. As this will not be the case in a clinical setting, this
effect may influence energy delivery and thus gas formation. Also, to-
tal duration of RF applications in our study differs from a clinical situa-
tion. This might influence tissue temperature and thereby possibly
the gas formation during RF applications.

Several studies suggest that the BCC200 over-predicts the total
gas volume.20,34 Therefore, absolute volumes as measured in this
study cannot be directly translated to clinical outcome.
Unfortunately, there is no better method available to measure gas
bubbles generated during ablations in vivo. Relative differences in total
volume can be compared and will provide an indication of the clinical
impact of the total gas volume as produced by the different ablation
modalities and settings.
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Although the anatomy of the heart and vessels of pigs is compara-
ble with the human anatomy, the cerebral circulation is different.
Different from humans, pigs have an arterial rete mirabile caroticum,
which functions as a filter for (micro)emboli. Therefore, gas bubbles
cannot pass to the brain and will not cause cerebral (micro) infarc-
tions. Therefore, MRI analysis of the animals brains is not of added
value to determine the actual clinical effect of the formed gas in the
occurrence of cerebral lesions.

In this study, we included a comparison between IRE ablation and
RF ablation, both due to practical- and theoretical reasons we did not
include cryo-balloon ablation. Previous studies showed that the inci-
dence of silent cerebral emboli after RF- or cryo-balloon ablation is
similar.15 Moreover, the main source of gaseous micro-emboli during
(second-generation) cryo-balloon ablation is thought to be introduc-
tion of air through the sheath during CB (re-)insertion or catheter
manipulation.19,35,36 In this study, we focused solely on the develop-
ment of gaseous micro-emboli as a result of the ablation technique it-
self, and not by the procedural steps. Nevertheless, in a future study
of the clinical effect of the formed gas, it might be beneficial to add
cryo-balloon ablation to the comparison as different sheaths and
catheters may introduce different amount of gas.19

Conclusions

The results showed that anodal IRE pulses produced less gas bubbles
as compared with both cathodal IRE pulses and RF applications.
Considering the varying human PV diameter, adjusting the catheter
hoop will not influence the total volume of produced gas. Bubble vol-
ume and size measurements were substantiated by the TOE observa-
tions. Clinical implications of these results are unknown and should
be investigated.
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Vertebral osteophyte as an unexpected cause of atrial substrate
modification in atrial fibrillation
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We report a case of a patient with paroxysmal atrial
fibrillation in whom a left atrial deformation was
caused by a huge osteophyte protrusion. Surprisingly,
two separate depression zones were noted (white
circles), one on the anterior wall of the left atrium
corresponding to the aortic root, while the other was
on the posterior wall caused by a huge protruding
thoracic vertebral osteophyte. Only the right supe-
rior pulmonary vein (PV) showed evidence of PV con-
nections. Unexpectedly, we observed within these
areas fractionated, low-voltage signals using a high-
density mapping catheter. These areas are of slow
conduction velocity (black dots) are represented by
colours in isochronal map and may be due to chronic
compression by anatomical structures (aortic root
and vertebral osteophyte) (Figure). This finding may
suggest a role of extracardiac anatomical structures in
pathogenesis of atrial fragmented potentials in atrial
fibrillation.

The full-length version of this report can be viewed
at: https://www.escardio.org/Education/E-Learning/
Clinical-cases/Electrophysiology.
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