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Aims Although the radiofrequency catheter ablation (RFCA) is widely used for the treatment of tachyarrhythmias, it has
three fundamental weaknesses as a thermal ablation system, including a limited lesion depth, myoendocardial injury
linking to thromboembolism, and prolonged inflammation followed by subsequent recurrences. In order to over-
come these limitations, we have been developing a shock wave (SW) catheter ablation (SWCA) system as a novel
non-thermal therapy. In the present study, we validated our new SWCA system with increased SW intensity.

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

In a total of 36 pigs, we applied our new SWCA to ventricular muscle in vivo for the following protocols.
(i) Epicardial approach (n = 17): The lesion depth achieved by the SWCA from the epicardium was examined. High
intensity SW achieved 5.2 ± 0.9 mm lesions (35 applications), where there was a strong correlation between SW in-
tensity and lesion depth (R = 0.80, P < 0.001, 54 applications). (ii) Endocardial approach (n = 6): The extent of endo-
cardial injury with the two energy sources was examined by electron microscopy (8 applications each). Shock
wave catheter ablation markedly reduced myoendothelial injury compared with RFCA (4.3 ± 1.2 vs. 79.6 ± 4.8%,
P < 0.01). The electrophysiological effects on the SW lesions were also confirmed using three-dimensional mapping
system. (iii) Time-course study (n = 6 each): The healing process after ablation therapy was examined. We found
transient inflammatory responses and accelerated reparative process with preserved blood flow in the SWCA
group.

...................................................................................................................................................................................................
Conclusion These results indicate that our SWCA system is characterized, as compared with RFCA, by deeper lesion depth,

markedly less myoendocardial injury and accelerated tissue repair process.
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Introduction

Radiofrequency catheter ablation (RFCA) is an established therapy for
drug resistant tachyarrhythmias, including atrial fibrillation (AF), ven-
tricular tachycardia (VT), and ventricular fibrillation (VF). However,
conventional RFCA, although quite effective and feasible, has the three
fundamental weaknesses as a thermal ablation system, including a
limited lesion depth, myoendocardial injury with thromboembolic
complications, and sustained post-procedural inflammation with

subsequent early phase recurrences.1–5 Indeed, arrhythemogenic sub-
strates are frequently located in deep intramural lesions in structural
heart diseases, for which conventional RFCA has limited ability to
achieve deep intramural lesions.1–3 In addition, RFCA causes myoen-
dothelial damage, occasionally resulting in thromboembolic complica-
tions and steam-pop.4,5 The frequency of symptomatic stroke caused
by RFCA has been reported to be 0.6% in general and 1.8–2.0% in left-
side heart procedures.5 Finally, RFCA causes prolonged inflammatory
response with subsequent early phase recurrences.6
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In order to overcome these weaknesses of the conventional
RFCA therapy, novel ablation systems have been under develop-
ment, such as photodynamic therapy and electroporation.7,8

However, no system has yet overcome these weaknesses of conven-
tional RFCA in a satisfactory manner. Both systems have the limita-
tion of lesion depth in addition to safety use; the photodynamic
therapy was evaluated only for atrial application in the clinical set-
tings,7 and the electroporation had limitations of inconsistent lesion
depth and arrhythmogenicity.8 Shock wave (SW) is an acoustic pres-
sure wave consisting of a compressive phase (over pressure) fol-
lowed by a tensile phase (negative pressure) (Figure 1A). Focused
SW, which is used for extracorporeal shock wave lithotripsy, can
cause tissue damage at an arbitrary depth without heat generation.
We have been developing a shock wave catheter ablation (SWCA)
system as a novel non-thermal therapy (Figure 1B). The concept of
our SWCA system is that it could cause deeper lesion without severe
superficial injury by using focused SW. We have recently demon-
strated that a prototype SWCA causes 2 mm depth lesions with less
superficial injury and less thrombus formation compared with RFCA
in pigs in vivo.9 However, the lesion depth was insufficient for ven-
tricular arrhythmias, and the influences of SWCA on myocardium
and blood vessels remain to be examined. We have recently im-
proved the SW generator so that it produces 1.5 times greater inten-
sity of SW than the previous prototype to achieve deeper lesion. In
the present study, we thus examined the feasibility and safety of our
new SWCA system in pigs in vivo.

Methods

Newly improved shock wave catheter

ablation system
The new SWCA system includes a 10-French deflectable ablation cath-
eter equipped with improved SW reflector and two polar electrodes at
the tip to confirm that the catheter is held vertical to the tissue surface
with local electrograms (Figure 1C) and an improved laser generator to
which the catheter is connected (Figure 1D).

Characteristics of high-intensity shock wave
The shadowgraph of SW was taken by a high-speed camera (HPV-X2,
Shimadzu Corp., Kyoto, Japan) in room air bubbled with extra cellular

fluid (ECF) buffer. The pressure distribution of SW was measured using a
polyvinylidenefluoride needle hydrophone with a 0.5 mm sensitive diam-
eter and a 35 ns rise time (Müller Instruments Inc., Oberursel, Germany).
The signals were stored in the digital transient memory (DS-5534, Iwatsu
Electric Co. Ltd., Tokyo, Japan) at a sampling rate of 2GS/s.

Experimental animal models
We performed four protocols with male domestic pigs in vivo (BW
49.1 ± 6.7 kg). All procedures were performed according to the proto-
cols approved by the Institutional Committee for Use of Laboratory
Animals of Tohoku University (Nos. 2016MdA-53, 54, and 64).

The animals were anesthetized with medetomidine (0.05 mg/kg, IM)
and midazolam (0.4 mg/kg, IM). After 10 min, they were intubated after in-
duction of anaesthesia with inhaled 5% sevoflurane, and were mechanic-
ally ventilated with room air and supplemental oxygen. General
anaesthesia was maintained with 2.5–4.0% sevoflurane. They were con-
tinuously monitored with surface electrocardiograms, percutaneous oxy-
gen saturation measurements, and direct measurements of arterial
pressure.

Focused SW was applied at a 1 Hz pulse repetition frequency at each
point for 180 shots. For comparison with our new SWCA system, we
also performed the RFCA protocols. We used an open-irrigated 3.5 mm
tip catheter (Thermocool, Biosense-Webster, Inc., Diamond Bar, CA,
USA); the RF energy was delivered in a temperature-controlled manner
at 50 �C and a maximum power output of 30 W for 30 s with an irrigation
flow of 20 mL/min and limiting impedance decrease of 10 X.3,5

Prior to SW or RF application, the animals were pretreated with amio-
darone (400 mg/day, PO) for 4 days, in order to prevent RFCA-induced
ventricular arrhythmias (VAs). Additional bolus lidocaine (25 mg, IV) was
injected when VAs were noted.10 We performed the following four
protocols. (i) Epicardial approach (17 pigs, BW 50.2 ± 7.2 kg): We exam-
ined whether our new SWCA system could cause deeper lesion with epi-
cardial approach. The animals underwent a standard medial sternotomy,
and the pericardium was incised in each animal. We applied SW to the
right or left ventricular myocardium with the epicardial approach under
direct vision. To minimize the mechanical effects of contact with the cath-
eter tip, the SW catheter was gently attached to and remained vertical to
the ventricular myocardium where coronary vessels or thick epicardial
fat tissue was absent. (ii) Endocardial approach (6 pigs, BW 50.8 ± 6.6 kg):
We examined whether the SWCA system could reduce myoendothelial
injury compared with RFCA. The SWCA and RFCA catheters were in-
serted through percutaneous femoral vein and were placed at the right
ventricular target site. Then, SWCA and RFCA were performed as
described above (eight sections each). Systemic heparinization by bolus
administration (5000 U, IV) followed by continuous infusion (2000 U/h)
and additional boluses were performed to maintain activated clotting
time of > 300 s during the procedures. After euthanasia, we analysed the
treated sites by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). (iii) Ablation study (1 pig, BW 48 kg): We
examined whether our SWCA system has functional electrophysiological
feasibility with endocardial approach. We applied SW to the right ven-
tricular myocardium so that it caused cluster-like area by dragging
method. Electrocardiograms and pacing thresholds at target sites were
recorded on endocardial voltage map before and after the SWCA pro-
cedure. Bipolar voltage map of the right ventricular endocardium was
acquired using ablation catheter (Thermocool, Biosense-Webster, Inc.,
Diamond Bar, CA, USA) and Ensite NavX mapping system (St. Jude
Medical, St. Paul, MN, USA). Conventional voltage thresholds were
applied (<0.5 mV as dense scar, 0.5–1.5 mV as border zone, and >_1.5 mV
as normal tissue).1,2 (iv) Time-course study (9 pigs, BW 45.9 ± 5.7 kg):
We compared the time-course of lesion healing between RFCA and

What’s new?
We demonstrated that our shock wave catheter ablation
(SWCA) could be a promising system for control of tachyar-
rhythmias with the following superiorities to conventional radio-
frequency ablation;

• The SWCA system could cause deeper lesion with markedly
less myoendocardial injury.

• The SWCA system also has functional electrophysiological
feasibility.

• Shock wave catheter ablation lesions showed more rapid heal-
ing process with preserved myocardial blood flow, presumably
resulting in a good long-term control for tachyarrhythmias.

2 M. Hirano et al.
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SWCA in pigs in vivo (nine sections each). The surviving animals were sub-
sequently euthanized at Days 1, 4, and 7 after the procedure (3 pigs
each). We compared lesion condition, inflammation cell infiltration, and
microvascular proliferation between the two groups. In the endocardial
approach study and time-course study, we applied SWCA and RFCA in
the same pigs.

In each protocol, the animals were euthanized 1 h after the procedure.
After the in vivo experiment, the heart was extracted and subsequently
fixed in 10% formalin after the gross examination. The fixed heart was
then sectioned, and a vertical-section slide was made for each application
site. In electron microscopy study, the samples were fixed with 2% paraf-
ormalin and 2.5% glutaraldehyde in 0.2 mol/L cacodylate buffer.

Histological analysis
The samples were fixed in 10% buffered formalin. After embedding in
paraffin, 2 lm cuts were performed and stained with histochemical dyes.
The tissue specimens were stained with haematoxylin–eosin for all stud-
ies, Masson’s trichrome stain for the time-course study (for clear visual-
ization of fibrotic lesions). Immunoreactivities were examined, by using
rabbit antihuman von Willebrand factor antibody (1:3) (N1505; Dako,
Copenhagen, Denmark) for proliferation of microvessels. All histopatho-
logical slides were examined by light microscopy (Olympus BX51,
Olympus America Inc., NY, USA). In the lesion depth analysis, we sec-
tioned the centre of lesions to the vertical direction. The lesion depths in
consecutive sections were manually measured macroscopically and were

A B

C D

E

F

Figure 1 Characteristics of the new shock wave catheter ablation system. (A) Shock wave pulse form in the focal zone; SW is an acoustic pressure
wave consisting of a compressive phase (overpressure) followed by a tensile phase (negative pressure). (B) Schematic diagram of the SWCA system:
the spherical SW is generated in a water-filled semi-elliptical reflector attached to the catheter tip by irradiation of Q-switched Holmium (Ho): yt-
trium aluminium garnet (YAG) laser beam through quartz optical fibre. The SW is then reflected by the reflector and is converged onto the outer
focus. Reflector diameter: 2.9 mm, reflector to the focus point (measured): 1.5 mm. (C) The new SW catheter (10Fr deflectable SW catheter) is
equipped with bipolar electrodes at the tip for recording local electrograms and 2-ring electrodes for three-dimensional mapping system. Scale bar:
5 mm (upper panel), 10 mm (under panel). (D) The newly improved laser generator. (E) Distributions of both maximum overpressure (left panel)
and negative peak pressure (right panel) were greater with high intensity compared with normal intensity. Measured focal length was 1.7 mm. (F)
Shadowgraphs of two different SW intensities under water taken by high-speed camera, showing cavitation bubbles with normal intensity SW (left
panel) and high-intensity SW (right panel). High-intensity SW caused extensive cavitation phenomenon in bubbled ECF buffer. Scale bar, 3 mm.
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validated microscopically, by using the Image-J (U.S. National Institute of
Health, Bethesda, MD, USA).

Electron microscopic study
We used SEM (S3200N, Hitachi-High Technologies Inc., Tokyo, Japan),
and TEM (H-7600, Hitachi-High Technologies Inc.) for comparison of the
two energy sources (RF vs. SW). The samples were fixed in 2.5% glutaral-
dehyde and post-fixed in 1% osmium tetroxide for 1 hour at 4 �C. In the
SEM study, the samples were dehydrated in ascending series of ethanol
amylacetate mixture, and critical point dried. The surface of the speci-
mens was coated with osmium prior to observation. Samples used in
TEM observation were dehydrated through a series of alcohols, infiltrated
with propylene oxide, and embedded in epoxy resin in an inverted beam
capsule. Ultra-thin sections were stained with uranyl acetate and lead cit-
rate. An endocardial injury grading score was determined according to
the area of endomyocardial injury as follows; intact (no changes, score 0),
mild (denaturation of the endothelium, score 1), and severe (loss of the
endothelium, score 2). Histomorphometric parameters in the areas with
injured endocardium were manually delineated and measured by using
the Image-J. We examined three fields per each section randomly. Then,
we used the average value of the three fields.

Measurement of regional myocardial blood

flow
Coloured microspheres (Dye-Trak, Triton Technology Inc., San Diego,
CA, USA) were used for measurement of regional myocardial blood
flow.11 After the SWCA or RFCA procedure, yellow microspheres
(12 lm in diameter) were injected into the left atrium (6 million micro-
spheres per injection). The microspheres were isolated from tissue by di-
gestion with potassium hydroxide, they were centrifugated, the dyes
were extracted from the coloured microspheres, and the separation of
colours and measurement of their concentration was performed by spec-
trometry (Ultrospec 3300 pro, Amersham Bioscience Corp., Amarsham,
UK). The basic principle of all deposition techniques for regional flow
measurement is that the deposition is proportional to the flow (per unit
volume or mass of tissue).11

Statistical analysis
All continuous results are expressed as mean ± standard deviation. The
Pearson correlation was computed to assess the associations between le-
sion depth and SW intensity. The Mann–Whitney’s U test was used to
compare the extent of myoendocardial injury between the SW and RF
groups. Student’s t-test was used to compare the histological change in
the time-course protocol. A P-value < 0.05 was considered to be statistic-
ally significant.

Results

Characteristics of the new shock wave
catheter ablation system
The new SWCA system was able to generate high intensity SW com-
pared with the previous one.12 The focal length with maximum
overpressure was 1.7 mm (Figure 1E). Measured overpressure and
negative pressure were greater with high-intensity SW compared
with normal intensity SW (Figure 1E). The shadowgraph of SW taken
to describe cavitation bubbles generation showed that high-intensity
SW caused more extensive cavitation phenomenon compared with
normal intensity SW (Figure 1F).

Lesions created by high-intensity shock
wave catheter ablation
We first examined whether the new SWCA system could cause
deep lesion with epicardial approach. A total of 35 lesions were cre-
ated in 7 pigs with high-intensity SW (35 applications, maximum
overpressure, 55.3 ± 4.7 MPa, Day 0). The lesion depth was
5.2 ± 0.9 mm with high-intensity SW (35 sections), which was deeper
than that in designed focus depth (Figure 2A). Histologocal examin-
ation (35 sections) showed that coarse injured myocardial tissue was
noted at the designed focus region (e.g. disruptions of myocardial
fibres, interstitial haemorrhage), whereas at the deeper region, de-
generative myocardial cell death was noted (e.g. eosinophilic necro-
sis, waving, contraction band necrosis) (Figure 2A). Scanning electron
microscopy examination (eight applications, eight fields each; focus
regions vs. deeper regions) showed that a number of micro-craters
developed in myocardial cells not only in the designated focus region
but also in the deeper region (Figure 2B).

Correlation between shock wave
intensity and lesion depth
The correlation between SW intensity and lesion depth was also
examined in 10 pigs with epicardial approach (54 applications, max-
imum overpressure range, 43.9–90.8 MPa, Day 0). The lesion depth
became significantly deeper in response to increasing SW intensity
with a strong correlation between them (R = 0.80, P < 0.001) (Figure
3A). Especially when a super-high intensity SW was applied (max-
imum overpressure > 75 MPa), the lesion depth achieved was
7.8 ± 0.9 mm (8/54 applications), creating transmural lesion in the left
ventricular wall (Figure 3B).

Influence of shock wave on the
endomyocardium
We compared the extent and characteristics of endomyocardial in-
jury between RFCA and SWCA (six pigs, SEM: eight applications
each and two sham, TEM: three applications, Day 0) by using electro-
microscopy. The RF lesions showed severe injury (e.g. extensive
endocardial disruption, subendocardial necrosis, and severe denatur-
ation), whereas the SW lesions showed only mild denaturation (e.g.
small endocardial craters, subendocardial oedema) and little disrup-
tion of endocardium (Figure 4A). The SW intensity, as expressed in
maximum overpressure, was 58.0 ± 4.0 MPa (eight applications).
Importantly, the extents of endomyocardial injured area (Figure 4B)
and the injured grading score (Figure 4C) were markedly less with
SWCA compared with RFCA (eight sections each, both P < 0.001).

Ablation study
We examined whether electrophysiological effects were achieved by
SW lesions with endocardial approach for clinical application. Three-
dimensional electro-anatomical map was obtained from 929 ac-
cepted endocardial electrograms. Shock wave of 1440 shots was
applied to the RV anterior wall so that it caused cluster-like area by
dragging method (Figure 5A and B). Pacing threshold measurement
was feasible both before and after ablation on five points in the SW
application area. Bipolar voltage could be reliably measured before
and after applications on the five points in the target area. A decrease
in bipolar voltage was consistently noted after ablation
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A B

C

Figure 2 Histopathological findings of ablated lesions by epicardial SWCA. (A) Histopathological findings of epicardial lesions (low magnification);
high-intensity SW (right panel) caused deeper lesion than normal intensity (left panel). Scale bar: 2 mm. (B) The extent of injury of myocardial tissue
was severe at the designed focus region (upper panel), while only myocardial tissue degeneration was noted at the deeper region (lower panel). A
number of micro-craters, which were rarely observed in control regions, were noted on myocardial cells throughout the lesions (yellow arrows).
Scale bar; 200, 100, and 20lm in the left, centre, and right panel, respectively. HE, haematoxylin–eosin; SEM, scanning electron microscope. (C)
Mechanism of SWCA-induced deeper lesion formation; SWCA may cause tissue injury through the combination of two different mechanical
stresses, shear force by overpressure and cavitation effects. Normal intensity SW causes near focal depth lesion (left panel), whereas high-intensity
SW can cause deeper lesion formation through enhanced cavitation effects (right panel).

A B

Figure 3 Relationship between SW intensity and lesion depth. (A) Shock wave intensity expressed as maximum overpressure significantly corre-
lated with lesion depth (10 pigs, 54 applications, R = 0.80, P < 0.001). (B) Representative transmural lesion of the left ventricle with super-high intensity
SW (75–90 MPa).
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(4.11 ± 0.41 mV before ablation vs. 0.24 ± 0.22 mV after ablation,
P < 0.001) (Figure 5C and D). Thresholds in the area significantly
increased from 0.82 ± 0.10 V to 4.04 ± 1.14 V by ablation application
(P < 0.05). No tamponade, VF, or other fatal adverse effects were
noted. There was no macroscopic injury to any adjacent organs
including the lungs.

Time-course of lesion development and
healing
We compared the time-course of lesion development and healing
between RFCA and SWCA (nine pigs, Days 1, 4, and 7; three applica-
tions each energy source and each day). The time-course of fibrotic
change was different between the RFCA and SWCA groups. The
changes in the RFCA lesions tended to be slower compared with the
SW lesions. In the RFCA group, at Day 7, heterogeneous fibrotic le-
sion was noted at the border zone, but necrotic lesion still remained
at the central zone (Figure 6A). In contrast, in the SWCA group,
homogenous fibrotic lesion was noted in the entire lesions at Day 7

(Figure 6A). Maximum overpressure of the SW intensity was
54.2 ± 6.5 MPa (nine applications). The time-course of inflammatory
cell infiltration was also examined. In the RFCA group, inflammatory
cells tended to slowly increase in the border zone, whereas in the
SWCA group, they tended to infiltrate in the zone from the early
phase (Figure 6B). In the central zone, this was also the case in the
SWCA group, whereas in the RFCA group, such infiltration of inflam-
matory cells was less evident (Figure 6C).

Effects of shock wave catheter ablation
on myocardial angiogenesis and blood
flow
In the RFCA group, more than 50% of small vessels showed throm-
botic occlusions, whereas in the SWCA group, such occlusion was
markedly suppressed (three applications each, Day 1 P = 0.03) (Figure
7A). Similarly, regional myocardial blood flow in the central zone
tended to be decreased in the RFCA group, whereas in the SWCA
group, it was significantly increased compared with normal zone and
the RFCA group (three pigs, three applications each energy, Day 0,
both P < 0.01) (Figure 7B). Time-course of the number of microves-
sels was also examined. In the border zone, SWCA significantly
increased the number of microvessels at Day 7 compared with
RFCA (Figure 7C). In the centre zone, SWCA significantly increased
the number of microvessels at Days 4 and 7 compared with RFCA
(Figure 7D).

Discussion

The major findings of the present study were as follows; (i) our new
SWCA system was able to generate high overpressure and extensive
cavitation phenomenon, (ii) the SWCA system could cause deeper
lesion in response to increasing SW intensity compared with RFCA,
(iii) the SWCA system had functional electrophysiological effective-
ness, (iv) the SWCA system caused markedly reduced myoendocar-
dial injury compared with RFCA, and (v) the SWCA lesions showed
transient inflammatory responses followed by accelerated healing
process with preserved myocardial blood flow. These results demon-
strate the advantages of the new SWCA system to overcome the
limitations of the current RFCA system.

Mechanism of deeper lesion
development by shock wave catheter
ablation
Shock wave is supposed to cause tissue injury through the combin-
ation of two different mechanical stresses; shear force and the cavita-
tion effect.9 When a cavitation bubble collapses near cell membrane
surface, the collapse is asymmetrical with a resultant formation of a li-
quid jet towards the surface. A number of micro-jets puncture cell
membrane, thereby creating a number of micro-craters, so-called as
cavitation phenomenon.13 The increased cellular permeability results
in the disruption of cellular haemostasis and in cell death.13

We consider that the development of deeper lesions by high-in-
tensity SW is caused by a greater cavitation phenomenon (Figure 2C).
This notion is supported by the present findings that high-intensity
SW caused extensive cavitation phenomenon in vitro (Figure 1B) and

A

B C

Figure 4 Endomyocardial injury by catheter ablation. (A)
Radiofrequency lesion showed severe endomyocardial injury and
destroyed endocardial basement membrane structure (upper pan-
els), whereas SW lesion showed only mild denaturation with pre-
served membrane structure (lower panels). Scale bar; 100 lm (left
panel, SEM) and 2 lm (right panel, TEM). SEM, scanning electron
microscope; TEM, transmission electron microscope. (B and C)
Shock wave catheter ablation caused markedly reduced myoendo-
thelial injury compared with RFCA, in terms of severely injured area
(left panel) and grading score of endocardial injury (right panel).
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that degeneration with a number of micro-craters was noted in the
deeper region presumably caused by micro-jets in vivo (Figure 2B).

Clinical superiority of shock wave
catheter ablation
The previous studies showed that 3–6 mm depth lesions achieved
with conventional RFCA may not be sufficient to treat any type of
VAs with endocardial approach.3 Furthermore, certain arrhythmo-
genic substrates may exist in a deep intramural tissue beyond the
reach of the combination of endocardial and epicardial ablation.2

Epicardial application of SWCA could cause less superficial injury as
in endocardocardial approach, and may be able to overcome the pre-
sent obstacle of RFCA epicardial approach such as epicardial fat tis-
sue. Furthermore, our SWCA has a potential to achieve transmural
lesion from the endocardium. In the present study, the new SWCA
system achieved 5.2 ± 0.9 mm depth lesions with high intensity SW
(50–60 MPa), and 7.8 ± 0.9 mm depth lesions with super-high inten-
sity SW (75–90 MPa). Furthermore, our SWCA system was able to
create transmural lesion in the left ventricular muscle (13.2 mm) with

super-high intensity SW (Figure 3B). Since there was a strong correl-
ation between SW intensity and lesion depth, our SWCA system
would be useful from atrial muscle to ventricular muscle by control-
ling SW intensity.

The conventional RFCA has several clinical complications as it util-
izes the joule heat as an energy source, including myoendocardial
injury, thromboembolic complications, collateral damage to extra-
cardiac structures, and steam-pop.4,5,12 Especially, thromboembolism
is a serious complication of the current RFCA, which is directly
caused by the joule heat and indirectly caused by endocardial injury
with resultant activation of coagulation.14 In contrast, the SWCA sys-
tem is unlikely to cause thromboembolism as it utilizes non-thermal
energy souse with less damage to the endocardium. In addition, the
non-thermal SWCA system is able to avoid steam pops principally,
which point was confirmed in the present study.

Unstable lesions such as a border zone of myocardial infarction
could become arrhythmogenic substrates.15 The control of tachyar-
rhythmias sometimes becomes difficult after catheter ablation, pre-
sumably because of incomplete or unstable ablation lesions.16

Accelerated wound healing and early stabilization of ablated lesions

A B

C D

Figure 5 Functional electrophysiological effectiveness of SWCA. (A) Fluoroscopic image of SW catheter position at SW applications inside the
right ventricle. IVC, inferior vena cava; RAO, right anterior oblique; RVA, right ventricular apex; RVOT, right ventricular outflow; SVC, superior vena
cava; TA, tricuspid annulus. (B) Shock wave of 1440 shots was applied in the RV anterior wall so that it caused cluster-like area by dragging method.
Red tags indicate application points. Grey area shows <0.5 mV as injured area, red–blue area 0.5–1.5 mV as border zone, and purple area >_ 1.5 mV as
normal tissue. (C) Representative endocardial voltage map at baseline showed normal tissue (>_1.5 mV as purple) and a normal amplitude electrogram
(1.76 mV) in a target region (white arrow). (D) Representative post-SWCA voltage map showed low-voltage area (<1.5 mV as area from red to dark
blue) and a low-amplitude electrogram (0.26 mV) in a target region (orange arrow).
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may be important for control of tachyarrhythmias. In the present
study, the healing process of ablated lesions was obviously different
between SWCA and RFCA. The SWCA system prompted the
inflammation process and homogenous fibrotic lesions as compared
with RFCA (Figure 6). The mechanisms of rapid inflammation and
rapid healing process may be, at least in part, due to preservation of
blood flow in ablated area.17 Indeed, in the present study, the SWCA
preserved intramyocardial microvessels while RFCA occluded them
with thrombi. Furthermore, the extent of myocardial angiogenesis
was enhanced in the SWCA group in the subacute phase compared
with the RFCA group (Figure 7). Accelerated healing processes are
similarly observed with cryoablation, which is also associated with
greater freedom from arrhythmias after ablation as compared with
RFCA.18,19,20 These findings suggest that the SWCA is useful for
long-term control of arrhythmias.

Cryoablation is known as one of the most successful novel ablation
devices.18 As compared with RFCA, cryoablation has some advan-
tages, including reduced risk of thromboembolism due to decreased
injury of endomyocardium, rapid healing process due to lack of vascu-
lar or endothelial disruption, and avoidance of steam pop,18 as our
SWCA system. However, lesion depth of cryoablation (5.8 ± 0.6 mm)
is insufficient for ventricular ablation.21 Our new SWCA system
achieved 7.8 ± 0.9 mm depth lesions with super-high intensity SW.
Thus, our system may be a promising ablation device for ventricular
tachyarrhythmias.

Study limitations
Several limitations should be mentioned for the present study. First,
the mechanisms of deeper lesion effects with high-intensity SW re-
main to be fully elucidated. The cavitation effects could be one of the
main mechanisms, which is supported the present finding that high-in-
tensity SW caused extensive cavitation in ECF buffer and a number
of micro-craters, presumably caused by micro-jets in SW lesion.
Second, the long-term effects of the SWCA therapy remain to be
elucidated. However, we consider that SW lesions are unlikely to be
destabilized long after the therapy since the healing process occurs at
early stage, leading to early stabilization of the lesions (Figure 7).
Third, the SW application in the present study was not synchronized
with heart beats. In the present study, we observed no ventricular ar-
rhythmias by the R-on-T stimulation except extra-systoles. The
synchronized equipment is under development in order to achieve
safer stimulation and anticipated lesion depth. Forth, SW effects on
the surrounding tissues (e.g. epicardial coronary arteries, oesopha-
gus) remain to be fully elucidated. There was no macroscopic injury
on the surrounding tissues in this study, although a high-intensity SW
overpressure or excessive cavitation effects could cause injury. Fifth,
validation of appropriate catheter direction to the tissue surface in
the endocardial applications is difficult to confirm. Thus, our SW
catheter has two polar electrodes at the tip for validating vertical
catheter direction. In addition, we performed electrophysiological
preliminary study with only one pig, as it required high-catheter

A

B C

Figure 6 Time-course of formation and healing of ablated lesions. (A) In the RFCA lesion, necrotic lesions and heterogenous fibrotic lesions were
noted at Day 7, respectively, whereas in the SWCA lesion, healing process was accelerated with homogenous fibrotic lesions at Day 7. Dashed line
denotes the ablated lesion. Scale bars, 2 mm. (B) In the border region, RF lesions had only a few inflammatory cells at Day 1, which was later increased
at Day 7, whereas the SW lesions had enhanced infiltration of inflammatory cells at Day 1 followed by rapid decrease at Day 7. (C) In the central
regions, the SW lesions had a higher number of inflammatory cells at Day 1 compared with RFCA lesions (left panel, HE). Scale bars, 200 lm.
HE, haematoxylin–eosin staining.
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operability and long-procedure time. However, with this experiment,
we learned the future direction of our SW system for clinical use.
Thus, we have been developing the catheter with higher operability
in order to keep vertical direction to any endocardial tissue in cardiac
chambers, and SW generator, which can be used stably several hours.
We will continue to improve our SW catheter system to overcome
this limitation. Sixth, due to electrophysiological vulnerability of
pigs,22 we did not examine the difference in lesion depth between
SW and RFCA with epicardial approach, although the current RF le-
sion depth was previously examined.3 Seventh, in the RF study, we
were unable to use force controlled RF catheter, which is nowadays
state of the art in RFCA.3 Further studies with force controlled irriga-
tion RF catheter are needed. Finally, the present results were ob-
tained only with normal domestic pigs. Thus, it remains to be
examined whether the SWCA system is also useful and safe for the
treatment of tachyarrhythmias in diseased heart models.

Conclusions

Our SWCA system may be superior to the RFCA in terms of lesion
depth, myoendocardial injury, and tissue repair process. The SWCA

system may be a promising option to compensate for the weaknesses
of the current RFCA therapy.

Supplementary material

Supplementary material is available at Europace online.
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Figure 7 Influence of SWCA on small coronary vessels. (A) In the RF lesions, more than 50% of the vessels showed thrombotic occlusion, whereas
almost all small vessels were patent in the SW lesions (left lower panel, arrow). Scale bars: 200 lm. Quantitative data are shown in the right panel. (B)
Regional myocardial blood flow was higher in the SW lesions compared with the RFCA lesions. (C and D) The extent of myocardial angiogensis in
the border region (C) and the central region (D), as evaluated by the number of microvessels, was significantly increased in the SWCA lesions than in
the RFCA lesions at the subacute phase (Days 4 and 7). Scale bar: 200 lm.

Development of a novel shock wave catheter ablation system 9

Deleted Text:  


References
1. Haqqani HM, Tschabrunn CM, Tzou WS, Dixit S, Cooper JM, Riley MP et al.

Isolated septal substrate for ventricular tachycardia in nonischemic dilated cardiomy-
opathy: incidence, characterization, and implications. Heart Rhythm 2011;8:1169–76.

2. Dukkipati SR, D’Avila A, Soejima K, Bala R, Inada K, Singh S et al. Long-term out-
comes of combined epicardial and endocardial ablation of monomorphic ven-
tricular tachycardia related to hypertrophic cardiomyopathy. Circ Arrhythm
Electrophysiol 2011;4:185–94.

3. Sacher F, Wright M, Derval N, Denis A, Ramoul K, Roten L et al. Endocardial
versus epicardial ventricular radiofrequency ablation: utility of in vivo contact
force assessment. Circ Arrhythm Electrophysiol 2013;6:144–50.

4. Tokuda M, Kojodjojo P, Epstein LM, Koplan BA, Michaud GF, Tedrow UB et al.
Outcomes of cardiac perforation complicating catheter ablation of ventricular ar-
rhythmias. Circ Arrhythm Electrophysiol 2011;4:660–6.

5. Gaita F, Caponi D, Pianelli M, Scaglione M, Toso E, Cesarani F et al. Radiofrequency
catheter ablation of atrial fibrillation: a cause of silent thromboembolism?: Magnetic
resonance imaging assessment of cerebral thromboembolism in patients undergoing
ablation of atrial fibrillation. Circulation 2010;122:1667–73.

6. Gaita F, Caponi D, Pianelli M, Scaglione M, Toso E, Cesarani F et al. Time course of
inflammation, myocardial injury, and prothrombotic response after radiofrequency
catheter ablation for atrial fibrillation. Circ Arrhythm Electrophysiol 2014;7:83–9.

7. Kimura T, Takatsuki S, Miyoshi S, Takahashi M, Ogawa E, Nakajima K et al.
Electrical superior vena cava isolation using photodynamic therapy in a canine
model. Europace 2016;18:294–300.

8. Neven K, van Driel V, van Wessel H, van Es R, Du Pré B, Doevendans PA et al.
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17. Dumfarth J, Zimpfer D, Vögele-Kadletz M, Holfeld J, Sihorsch F, Schaden W et al.
Prophylactic low-energy shock wave therapy improves wound healing after vein
harvesting for coronary artery bypass graft surgery: a prospective, randomized
trial. Ann Thorac Surg 2008;86:1909–13.

18. Avitall B, Kalinski A. Cryotherapy of cardiac arrhythmia: from basic science to
the bedside. Heart Rhythm 2015;12:2195–203.

19. Aryana A, Singh SM, Kowalski M, Pujara DK, Cohen AI, Singh SK et al. Acute and
long-term outcomes of catheter ablation of atrial fibrillation using the second-
generation cryoballoon versus open-irrigated radiofrequency: a multicenter ex-
perience. J Cardiovasc Electrophysiol 2015;26:832–9.

20. Squara F, Zhao A, Marijon E, Latcu DG, Providencia R, Di Giovanni G et al.
Comparison between radiofrequency with contact force-sensing and second-
generation cryoballoon for paroxysmal atrial fibrillation catheter ablation: a
multicentre European evaluation. Europace 2015;17:718–24.

21. Jauregui-Abularach ME, Campos B, Betensky BP, Michele J, Gerstenfeld EP.
Comparison of epicardial cryoablation and irrigated radiofrequency ablation in a
swine infarct model. J Cardiovasc Electrophysiol 2012;23:1016–23.

22. Wolcott GP, Kroll MW, Ideker RE. Ventricular fibrillation: are swine a sensitive
species? J Interv Card Electrophysiol 2015;42:83–9.

10 M. Hirano et al.


