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Abstract

Background The electrohydraulic high-frequency shock wave (Storz Medical, Taegerwilen, Switzerland) is a new way to
create small fragments with frequencies up to 100 Hertz (Hz). This study evaluated the efficacy and safety of this method
in a stone and porcine model.

Materials and methods BEGO stones were put in a condom in a specifically designed fixture treated with different modula-
tions to see stone comminution. Standardized ex vivo porcine model with perfused kidneys with 26 upper and lower poles
of 15 kidneys was treated with the following modulations: voltage 16-24 kV, capacitor 12 nF and frequency up to 100 Hz.
2000-20,000 shock waves were applied to each pole. The kidneys were perfused with barium sulfate solution (BaSO4) and
x-ray was performed to quantify the lesions using pixel volumetry.

Results There was no correlation between the number of shock waves and the powdering degree or the applied Energy and
the grade of pulverization in the stone model. Regarding the perfused kidney model, the number of shock waves, applied
voltage and frequency had no direct correlation with the occurrence of parenchymal lesions The detected lesions of the renal
parenchyma were minimal, technical parameters had no significant impact and the lesions did not differ from the results of
former experiments using 1-1.5 Hz in the same model.

Conclusions High-frequency shock wave lithotripsy can produce small stone fragments to pass in a very short time. The
injury to the renal parenchyma is comparable to the results of the conventional SWL using 1-1.5 Hz.

Keywords SWL - Stone fragmentation - Stone comminution - High-frequency shock waves - Burst-SWL - Shock-wave
induced renal trauma

Introduction

The use of extracorporeal shock wave lithotripsy (SWL) has
decreased in recent decades due to changing indications and
technological developments [1-3]. Although SWL still offers
the least invasive treatment for urolithiasis, more patients are
now treated endoscopically. Endourologic stone treatment
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achieves fine fragmentation using the dusting mode of the
Holmium-laser or Thulium-fibre laser, practically eliminat-
ing the risk of a steinstrasse. Therefore, shock wave litho-
tripsy can only survive if the quality of fragmentation can
be significantly improved [4, 5].

The ideal SWL produces small fragments of kidney
stones quickly without causing any significant injury to
the renal parenchyma. Recent technological develop-
ments, such as Burst-wave lithotripsy (BWL), can achieve
such fine pulverization of stones [6, 7]. Burst waves are
modified ultrasound waves applied at a high frequency
(390 kHz) for a short time (59 microseconds). In previous
experiments, BWL achieved much finer fragmentation in
a shorter period of time [6]. Animal studies showed only
minimal lesions in the porcine kidney. First clinical stud-
ies are promising but also highlight some shortcomings
[7, 8]. Upper pole stones or stones that are too small, too
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deep, or obstructed by a rib or bowel, which are therefore
not visible using ultrasound, cannot be treated with BWL
[7-10].

The idea to use high-frequency shockwaves under con-
tinuous application has existed since the end of the last
century but has never been realized in a defined clinical
experimental set-up [11]. The EDAP LTO1 device allowed
for the application of high-frequency shock waves up to
100 shocks per second, but clinically most treatments
were administered at a frequency of 1.25 or 2.5 Hz. In
1988, Delius et al. published several studies on the appli-
cation of high-frequency shock waves using the 40 nF
Generator at 20 kV (Dornier HM1). They described sig-
nificant hemorrhage in the outer medulla of the canine
kidney. They thought that this was not attributed to a
direct effect of the shock wave but due to the induced
cavitation [12].

The modified electrohydraulic high-frequency shock
wave source uses a 12 nF generator (Storz Medical, Tae-
gerwilen, Switzerland) as a new concept to create small
fragments with frequencies up to 100 Hertz (Hz). In this
paper, we present the first in-vitro results concerning the
effect on the fragmentation of test stones, as well as the
impact on renal tissue in a standardized model of perfused
porcine kidneys.

Material and methods
Experimental lithotripter

The experimental lithotripter consisted of electrohydrau-
lic device with an underwater spark electrode (F1) with an
ellipsoid reflector. A 12 nF generator was used enabling the
application of frequencies up to 100 Hz (Fig. 1a).

Stone model

For the tests of stone fragmentation, BegoStones made of
commercially available super-hard plaster were used. Liu
and Zhong characterized them in comparison to human
kidney stones comparable to calcium-oxalate monohydrate
[13]. Nine BegoStones were submerged in deionized water
72 h prior to the experiment. The stones were all shaped like
cylinders in a height of 10 mm and 5 mm wide. They were
put in a condom filled with degassed water in a specifiallyc
designed fixture. Focusing of the stones was done optically
based on the calculated F2 in the tank filled with degassed
water at 22 °C (Fig. 1a). The stones were then exposed to
different modulations to see the stone comminution vary-
ing from 16 to 20 kV at a frequency of 100 Hz. The shocks
were applied in 2—12 bursts of 400—-1000 impulses with
readjustment of the shock wave source (Table 1). Endpoint

| |
\ BEGO IV: 10638 SW
X @ 20 kV (12nF) 25531 )

Fig.1 In-vitro model for stone-disintegration. a Electrohydrau-
lic 12 nF-Generator for generation of high-frequency shock waves.
Bego-stones are located in a condom with mechanical adjustment. b
Incomplete fragmentation with larger residual fragments (++) using
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using 6242 shock waves at 20 kV in 8 burst applications (556—1000)
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Zable 1 ;[‘Fchnical dgta anq N Generator Generator Frequency (Hz) Number of SW-energy (J) Fragmentation
BeEgé}eg-%to;igﬁ(e)gznon using capacity (nF)  voltage (kV) shocks (n)

2 12 16 100 10.242 15,575 ++

2 12 18 100 9.933 21.566 +++

3 12 20 100 8.869 19.363 +++

2 12 20 100 7.563 18.151 ++

+insufficient fragmentation; ++ fine fragmentation with larger fragments; +++ fine fragmentation

represented fine fragmentation of the test stone in fragments
smaller than 1 mm (Fig. 1b).

Model of isolated perfused kidney

We used a standardized in-vitro porcine model with a per-
fused kidney, according to previous studies evaluating the
impact of shock waves of different sources and intensities
[14].

Immediately after slaughtering of the pigs, the kidneys
were perfused using Tyrode’s solution until the eluate from
the vein was clear. Afterwards, the porcine kidney was can-
nulated and perfused (37 °C, oxygenated solution) during
shock wave application (Fig. 2a—c).

26 upper and lower poles of 15 kidneys were treated
with the following modulations: voltage 16-24 kV, capaci-
tor 12 nF and frequency up to 100 Hz. 2000-20,000 shock
waves were applied to each kidney pole. As controls, 20
upper and lower poles of 10 kidneys were treated with
parameters of standard lithotripsy (44 nF capacitor, 2 Hz,
16-24 kV, 2000 SW). Subsequently, all kidneys were per-
fused with barium sulfate solution (BaSO4) and x-ray was
performed (Fig. 3). The vascular lesions demonstrated by the
BaSO4 were quantified using pixel volumetry. Pixel volu-
metry is a quantitative imaging technique, which was used
to track the changes in the volume of the barium sulfate to
show potential parenchymal or vascular lesions.

d i 3
Perfused artery
Barium sulfate-Infusion
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Additionally, the images were evaluated by nine inde-
pendent examiners according to the following scoring sys-
tem (Fig. 3):

0=no lesion detectable

1 =minimal diffuse extravasation

2 =multiple diffuse extravasation or little extravasation at
the exposed kidney pole

3 =massive/clear extravasation at the exposed kidney
pole

The results were plotted against the shock wave energy.
The examiners consist of three experienced urologists, three
physicists and three computer scientists to show the validity
of this scoring system independently of the medical back-
ground. The system and the individual scores were explained
to all examiners.

Results
Fragmentation of BEGO-stones

Due to technical reasons with a discharge of the capacitor,
the electrode had to be reset at times during the experiments.
But we could demonstrate a fast pulverization of the BEGO
stone. The finest fragmentation could be achieved using 18
and 20 kV voltage (Fig. 1). The number of shock waves
and energy applied to the stone is shown in Table 1. There
was no correlation between the number of shock waves and

Fig.2 Ex-vivo model of the perfused porcine kidney. a Schematic drawing of the model with the main components. b Adjustment of the kidney
in a bag filled with degassed water. ¢ Perfusion of the treated kidney with barium-sulfate-solution
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Extravasation

2000 SW -2 Hz - 24 kV

Fig.3 Comparison of renal lesion induced by high-frequency SWL
versus classical SWL. Left: Classical SWL (44 nF generator) using
2000 SW at 24 kV with 2 Hz—only grade 1 lesion at upper and lower
pole. Right: High-frequency SWL (12 nF generator) using 20,000

the powdering degree or the applied Energy (Joule) and the
grade of pulverization of the stone. Fast pulverization could
still be achieved with 100 Hz [15].

Perfused porcine kidney

Basically, number of shock waves applied voltage and fre-
quency had no direct correlation with the occurrence of
parenchymal lesions. Figure 3 also shows an x-ray of a kid-
ney with 20,000 shockwaves 100 Hz and 16 kV compared to
2000 SW 2 Hz and 24 kV. There is hardly any difference in
vascular lesions (Grade 1-lesion). The detected lesions of the
renal parenchyma were minimal, technical parameters had
no significant impact and the lesions did not differ from the
results of former experiments using 1-1.5 Hz in the same
model [14, 16].

Limitations
Because our study was performed in vitro, we cannot say
how efficient stone fragmentation might be in vivo when

more tissue surrounds the stone and kidney. On the other
hand, it is unclear whether a parenchymal lesion might
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SW at 16 kV with 100 Hz—grade 1-lesion at upper and lower pole.
Impact of technical parameters on renal lesions in the ex-vivo model
of porcine kidney. a Frequency (Hz). b Number of impulses (SW)

occur. These points need to be verified in further clinical
studies.

Discussion

There is no doubt, that the future of extracorporeal litho-
tripsy of urinary calculi very much depends on significant
improvement in the performance of the lithotripter. This
includes fine fragmentation of the calculus like endoscopic
intrarenal lithotripsy in a reasonable time to minimize the
need for secondary procedures. On the other side, the intro-
duction of new concepts should not be associated with an
increased risk of trauma to the kidney.

Recently the introduction of Burst wave lithotripsy
(BWL) has gained significant interest. Early in-vitro studies
demonstrated quick pulverization of different urinary stones,
animal studies showed minimal lesions in the kidney, and
first clinical trials were able to prove the efficacy of the prin-
ciple [8-10, 17].

Interestingly, already in 1987 Dornier Medizintechnik
GmbH published the first results on shock wave bursts [18].
At that time the shock wave application was triggered with
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the R-wave of the electrocardiogram. The idea was to apply
shock wave bursts at a frequency of 100-200 Hz exactly
after the R-peak of the ECG to minimize any impact on the
heart stimulation with the patient in the water tank. Dornier
stated, that based on their studies the efficacy of stone disin-
tegration remains unchanged as do the lesions on the kidney
and surrounding tissues. The main advantage should be the
shortening of treatment time. They provided data, that such
bursts could be best produced by electrohydraulic shock
wave sources whereas piezo-electric systems would need a
higher energy output. Electromagnetic sources are not suit-
able because the 10-to-20-fold higher output energy would
be transformed completely into heat and would thermically
burn the shock wave source (ie. flat coil).

On the other side, in 1988 Delius et al. published results
on the effect of high-frequency shock waves. They used a
40 nF generator of the Dornier HM3 at 20 kV (3000 shocks)
and compared the shock-wave induced renal trauma of
100 Hz versus 1 Hz in the model of a canine kidney [12].
Significantly more hemorrhages occurred in the kidney
parenchyma if shock waves were administered at a rate of
100 waves per second. The authors argued against a direct
shock wave effect and favored cavitation as the mechanism
of shock wave damage although thermal effects could not be
excluded. These results might be the reason, why Dornier
did not continue the project of shock wave bursts.

In 1989, Vallancien et al. studied the use of frequencies
between 1.25 and 10 Hz in an in-vitro model [19]. They
found that for hard stones a lower rate produced better frag-
mentation than the fast rate. They concluded to use the lower
frequency because it allowed treatment without analgesia.

Cavitation represents one of the most discussed physical
phenomena associated with high-frequency application of
shock waves and ultrasound waves. When applying high-
frequency shock wave or burst wave technology, the size of
the focal zone plays an important role, comparable to the
situation in classic low frequency SWL [20]. Randad et al.
achieved a 2.8-improved in-vitro fragmentation of 11 mm
cylindric artificial stones by enlargement of the width of the
focal zone of their BWL-source (350 kHz transducer) from
6to 11 mm [21].

Persistence of cavitational microbubbles from one shock
wave to the next can hinder the comminution process.
Enhanced stone subdivision with decreasing rate of shock
waves delivery has been demonstrated both in vitro [4] and
in vivo [22]. These studies are corroborated by clinical tri-
als in which higher success rates were observed for patients
treated with low shock waves at a rate of 1 Hz in compari-
son to those at 2 Hz [23]. Such outcomes are demonstra-
tive of the “shielding” phenomenon commonly associated
with SWL, in which a population of prefocal cavitation
nuclei—here, remnant bubbles created by the preceding low
shock wave—act to attenuate the tensile component of the

waveform and reduce the efficacy of cavitation at the stone
surface.

In the presence of particulates released from stones, the
positive pressure of the SW remained unaffected, but the
trailing tensile phase of the pulse was significantly reduced
at 120 SW/min. Cavitation bubbles do not persist between
SWs. Thus, mature bubbles from one pulse do not interfere
with the next pulse, even at 120 SW/min. However, cavita-
tion nuclei carried by fine particles released from stones can
persist between pulses. These nuclei have little effect on the
compressive wave, but seed cavitation under the influence
of the tensile wave. Bubble growth draws energy from the
negative-pressure phase of the SW, reducing its amplitude.
This likely affects the dynamics of cavitation bubble clusters
at the stone surface, reducing the effectiveness of bubble
action in stone comminution [24].

The recent study of Harper et al. using an ultrasound-
based application of BWL already showed some limita-
tions of this technology [17]. Only 19 of 41 patients could
be included in this pilot study, mainly because the stone
could not be seen by sonography or due to the obesity of the
patients, the focal depth of the device was too short. In this
context, high-frequency SWL using electrohydraulic tech-
nology could be easily integrated into a fluoroscopic system
for stone localization and the focal depth of the device could
be adjusted by change of the ellipsoid reflector. The high-fre-
quency output depends only on the capacity of the generator.

Conclusions

High-frequency shock wave lithotripsy can produce stone
fragments small enough to spontaneously pass in a very
short amount of time. The injury to the renal parenchyma
is comparable to the results of the conventional SWL using
1-1.5 Hz. Further studies are needed to prove the concept
in clinical cases.

Author contributions M-CR-S: Protocol/project development, Data
collection, Manuscript writing/editing. JM: Data analysis. CG: Data
collection and management/Data analysis. RS: Data management. EM:
Project development. GH: Protocol development. PA: Protocol and
project development. JJR: Manuscript writing and editing.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest regarding this study.

Research involving human participants and/or animals No living ani-
mals or human participants were involved in this study.

@ Springer



1934

World Journal of Urology (2023) 41:1929-1934

Informed consent Informed consent was not necessary to obtain in this
study because no human participant was involved.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Rassweiler J, Rieker P, Rassweiler-Seyfried MC (2020) Extracor-
poreal shock-wave lithotripsy: is it still valid in the era of robotic
endourology? Can it be more efficient? Curr Opin Urol 30:120-
129. https://doi.org/10.1097/MOU.0000000000000732

2. Knoll T, Alken P (2011) Beyond ESWL: new concepts for defini-
tive stone removal. World J Urol 29:703-704. https://doi.org/10.
1007/500345-011-0787-8

3. Miernik A, Wilhelm K, Ardelt P et al (2012) Modern urinary
stone therapy: is the era of extracorporeal shock wave litho-
tripsy at an end? Urologe A 51:372-377. https://doi.org/10.1007/
S00120-012-2828-3

4. Hein S, Miernik A, Wilhelm K et al (2016) Clinical significance
of residual fragments in 2015: impact, detection, and how to
avoid them. World J Urol 34:771-778. https://doi.org/10.1007/
500345-015-1713-2

5. Rassweiler J, Rassweiler MC, Frede T, Alken P (2014) Extracor-
poreal shock wave lithotripsy: an opinion on its future. Indian J
Urol 30:73-79. https://doi.org/10.4103/0970-1591.124211

6. Koo V, Beattie I, Young M (2010) Improved cost-effectiveness
and efficiency with a slower shockwave delivery rate. BJU Int
105:692-696. https://doi.org/10.1111/].1464-410X.2009.08919.X

7. Maxwell AD, Wang YN, Kreider W et al (2019) Evaluation of
renal stone comminution and injury by burst wave lithotripsy in a
pig model. J Endourol 33:787-792. https://doi.org/10.1089/END.
2018.0886

8. Ramesh S, Chen TT, Maxwell AD et al (2020) In vitro evalu-
ation of urinary stone comminution with a clinical burst wave
lithotripsy system. J Endourol 34:1167-1173. https://doi.org/10.
1089/end.2019.0873

9. Zwaschka TA, Ahn JS, Cunitz BW et al (2018) Combined burst
wave lithotripsy and ultrasonic propulsion for improved urinary
stone fragmentation. J Endourol 32:344-349. https://doi.org/10.
1089/end.2017.0675

10. Harper JD, Metzler I, Hall MK et al (2021) First in-human burst
wave lithotripsy for kidney stone comminution: initial two case
studies. J Endourol 35:506-511. https://doi.org/10.1089/END.
2020.0725

@ Springer

11. Eisenmenger W (2001) The mechanisms of stone fragmentation
in ESWL. Ultrasound Med Biol 27:683-693. https://doi.org/10.
1016/S0301-5629(01)00345-3

12. Delius M, Mueller WG et al (1990) Biological effects of shock
waves at a fast shock wave administration rate of fifteen Hertz. J
Lithotr Stone Dis 2:103-110

13. Liu Y, Zhong P (2002) BegoStone—a new stone phantom for shock
wave lithotripsy research. J Acoust Soc Am 112:1265-1268.
https://doi.org/10.1121/1.1501905

14. Kohrmann KU, Bensemann J, Florian J et al (1994) The isolated
perfused kidney of the pig: new model to evaluate shock wave-
induced lesions. J Endourol 8:105-110. https://doi.org/10.1089/
END.1994.8.105

15. Wess OJ, Mayer J (2020) Fragmentation of brittle material by
shock wave lithotripsy. Momentum transfer and inertia: a novel
view on fragmentation mechanisms. Urolithiasis 48:137-149.
https://doi.org/10.1007/S00240-018-1102-6

16. Back W, Kohrmann KU, Bensemann J et al (1994) Histomorpho-
logic and ultrastructural findings of shockwave-induced lesions
in the isolated perfused kidney of the pig. J Endourol 8:257-261.
https://doi.org/10.1089/END.1994.8.257

17. Harper JD, Lingeman JE, Sweet RM et al (2022) Fragmentation
of stones by burst wave lithotripsy in the first 19 humans. J Urol
207:1067-1076. https://doi.org/10.1097/JU.0000000000002446

18. Jocham D, Elff M, Miiller C, Graff J, Sauerbruch TZR (1987)
Dornier Lithotripters: HM3, HM4, HMS5. Lithotr II, BDI Publ,
London, pp 15-54

19. Vallancien G, Munoz R, Borghi M et al (1989) Relationship
between the frequency of piezoelectric shock waves and the qual-
ity of renal stone fragmentation. In vitro study and clinical impli-
cations. Eur Urol 16:41-44. https://doi.org/10.1159/000471527

20. Evan AP, McAteer JA, Connors BA et al (2008) Independ-
ent assessment of a wide-focus, low-pressure electromagnetic
lithotripter: absence of renal bioeffects in the pig. BJU Int
101:382-388. https://doi.org/10.1111/1.1464-410X.2007.07231.X

21. Randad A, Ghanem MA, Bailey MR, Maxwell AD (2020) Design,
fabrication, and characterization of broad beam transducers for
fragmenting large renal calculi with burst wave lithotripsy. J
Acoust Soc Am 148:44-50. https://doi.org/10.1121/10.0001512

22. Bohris C, Roosen A, Dickmann M et al (2012) Monitoring the
coupling of the lithotripter therapy head with skin during rou-
tine shock wave lithotripsy with a surveillance camera. J Urol
187:157-163. https://doi.org/10.1016/J.JUR0O.2011.09.039

23. Tailly GG, Tailly-Cusse MM (2014) Optical coupling control: an
important step toward better shockwave lithotripsy. J Endourol
28:1368-1373. https://doi.org/10.1089/END.2014.0338

24. Bailey MR, Maxwell AD, Cao S et al (2022) Improving burst
wave lithotripsy effectiveness for small stones and fragments by
increasing frequency: theoretical modeling and ex vivo study. J
Endourol. https://doi.org/10.1089/END.2021.0714

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1097/MOU.0000000000000732
https://doi.org/10.1007/S00345-011-0787-8
https://doi.org/10.1007/S00345-011-0787-8
https://doi.org/10.1007/S00120-012-2828-3
https://doi.org/10.1007/S00120-012-2828-3
https://doi.org/10.1007/S00345-015-1713-2
https://doi.org/10.1007/S00345-015-1713-2
https://doi.org/10.4103/0970-1591.124211
https://doi.org/10.1111/J.1464-410X.2009.08919.X
https://doi.org/10.1089/END.2018.0886
https://doi.org/10.1089/END.2018.0886
https://doi.org/10.1089/end.2019.0873
https://doi.org/10.1089/end.2019.0873
https://doi.org/10.1089/end.2017.0675
https://doi.org/10.1089/end.2017.0675
https://doi.org/10.1089/END.2020.0725
https://doi.org/10.1089/END.2020.0725
https://doi.org/10.1016/S0301-5629(01)00345-3
https://doi.org/10.1016/S0301-5629(01)00345-3
https://doi.org/10.1121/1.1501905
https://doi.org/10.1089/END.1994.8.105
https://doi.org/10.1089/END.1994.8.105
https://doi.org/10.1007/S00240-018-1102-6
https://doi.org/10.1089/END.1994.8.257
https://doi.org/10.1097/JU.0000000000002446
https://doi.org/10.1159/000471527
https://doi.org/10.1111/J.1464-410X.2007.07231.X
https://doi.org/10.1121/10.0001512
https://doi.org/10.1016/J.JURO.2011.09.039
https://doi.org/10.1089/END.2014.0338
https://doi.org/10.1089/END.2021.0714

	High-frequency shock wave lithotripsy: stone comminution and evaluation of renal parenchyma injury in a porcine ex-vivo model
	Abstract
	Background 
	Materials and methods 
	Results 
	Conclusions 

	Introduction
	Material and methods
	Experimental lithotripter
	Stone model
	Model of isolated perfused kidney

	Results
	Fragmentation of BEGO-stones
	Perfused porcine kidney
	Limitations

	Discussion
	Conclusions
	References




