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Abstract
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Doctor of Philosophy

Design, Optimization and Evaluation of an Extracorporeal P iezoelectric
Lithotripter

by Gilles T HOMAS

Kidney Stones can be found in the kidney, ureter, or in the bla dder, and affect
about 1 in 11 people at least once in a lifetime in the US. Extracorporeal shock
wave lithotripsy is a widely used technique where high inten sity acoustic pulses
are focused toward kidney stones in order to break them. The w ork presented
in this thesis focus on optimizing piezoelectric lithotrip ter, both in design and
ef�ciency, in order to have more ef�cient treatment while al so being less costly.
First, a study of the current state of lithotripsy was made, f ollowed by experi-
ments on commercial and experimental lithotripters in orde r to de�ne properly
the different parameters to be worked on. From this, it was de cided to optimize
the current piezoelectric elements in the lithotripter to o btain a more ef�cient
treatment. Then, a lithotripter using optimized lens focus ed piezoelectric trans-
ducers set in confocal setups was designed and manufactured. Its acoustic char-
acterization, effect on cavitation and model stone fragmen tation ef�ciency were
evaluated. The resulting lithotripter showed performance s equivalent to existing
commercial lithotripter, while allowing more �exible trea tment than traditional
lithotripter.
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Conception, optimisation et évaluation d'un lithotriteur piézoélectrique
extracorporel

par Gilles T HOMAS

Les lithiases urinaires peuvent affecter le rein, l'uretèr e ou la vessie, et af-
fectent en moyenne, au moins une fois durant leur vie, 1 perso nne sur 11 aux
États-Unis. La lithotritie extracorporelle est une techni que largement répandue
dans le monde qui consiste à focaliser des ondes de choc acoustiques de haute
intensité sur les lithiases a�n de les briser. Le travail pré senté dans cette thèse
porte sur l'optimisation de la lithotritie piézoélectriqu e, à la fois dans sa con-
ception mais aussi dans son ef�cacité, tout en réduisant son coût de fabrication.
Premièrement, une étude de l'état de l'art de la lithotritie a été réalisée, suivie
par des expériences sur des lithotriteurs commerciaux et expérimentaux a�n de
déterminer les différents axes de recherche de la thèse. Ensuite, une optimisa-
tion des éléments piézoélectriques d'un lithotriteur a été réalisée a�n d'obtenir
un traitement plus performant. Finalement, des lithotrite urs composés de trans-
ducteurs piézoélectriques focalisés grâce à des lentillesoptimisées ont été conçus
et fabriqués. Leurs champs acoustiques, leurs effets sur lacavitation et leur ef-
�cacité à fragmenter des lithiases arti�cielles ont été éva lués. Les lithotriteurs
résultant ont montré des performances équivalentes à des lithotriteurs commer-
ciaux existant, tout en permettant un traitement plus �exib le que ces derniers.
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Chapter 1

Introduction

Extracorporeal shock wave lithotripsy was one of the �rst no n invasive ap-
plication of ultrasound therapy. Shock waves are generated outside the body
and are focused toward the kidney stone in order to break it in small fragments
that can pass the urinary tract naturally. As a substitute to surgery, it offered
an uncontested safety and comfort and was, and still is, wide ly used around the
world. Unfortunately, shock wave lithotripsy still presen ts weaknesses, such as
inef�ciency against certain type or size of stone, or even a r ather high chance of
needing to be treated for the same stone multiple times, that decades of research
and development did not compensate. As a result, other more i nvasive surgical
procedures that were initially used if the stone was not trea table by shock wave
lithotripsy, bene�ced from technological developments an d are now widely used,
representing a direct concurrent to shock wave lithotripsy . Slowly but surely, ex-
tracorporeal shock wave lithotripsy market is declining.

This thesis was realized in close collaboration between the public laboratory
INSERM LabTau and the medical therapy company EDAP-TMS in a s tate sanc-
tioned contract (CIFRE). The research interests of the laboratory LabTAU are fo-
cused on medical application of ultrasound, for both therap y and imaging. The
company EDAP-TMS was funded by members of the LabTAU, and its products
can be divided in two categories: extracorporeal lithotrip sy (SONOLITH) and
therapeutics ultrasound (HIFU).

The objective behind this thesis was to design, optimize and evaluate an ex-
tracorporeal lithotripter that could potentially improve both the ef�ciency of the
treatment and the cost of manufacturing.
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Chapter 2

State of the art

2.1 Introduction

A kidney stone is a solid inside the urinary tract, with a size comprised be-
tween a few millimeters up to a few centimeters. It usually fo rms in the kidney,
and while the small ones can pass the urinary tract without tr ouble, others can
get stuck and generate symptoms, often very painful. Before the 1980s and the
apparition of non invasive methods of stone removal like lit hotripsy, the stones
were removed by surgery with elevated risk of mortality. Thi s chapter will �rst
introduce the kidney, the central part of the urinary tract, and then describe the
kidney stones with their causes and management. Then, extracorporeal shock
wave lithotripsy will be introduced in detail.

2.2 The kidney

The kidneys are at the center to the urinary system, which its elf consists of
a pair of kidneys and ureters, a bladder and an urethra. Their main role is the
�ltering of the blood, the byproduct being the urine, but als o have secondary
functions, such as controlling blood pressure, red blood ce ll production and cal-
cium absorption. The kidneys are located in the human body be tween the 12th

thoracic and the 3rd lumbar vertebrae (T12 and L3), with the right kidney slightl y
lower than the left due to the position of the liver. They are m aintained in place
by a layer of fat called the perirenal fat which also protects them from shock. The
perirenal fat is itself surrounded by the renal/Gerota's fa scia. The lateral, medial
and posterior sides of the fascia are in contact with the para renal fat. The kid-
neys are also in contact at their superior poles with the adre nal gland, directly
in�uencing their sodium reabsorption. This next two subsec tion are a synthesis
of the books [1], [2], and will cover the principal anatomy of the kidney without
detailing much of its physiology.

2.2.1 Gross anatomy of the kidney

For an human adult, each kidney weights around 115-175 g, is about 12x6x4
cm in size, depending of the sex and individuals, and is immed iately covered by
a �brous capsule that holds its shape. The outer region is cal led the cortex and
the inner region the medulla, divided into approximately 8 l obes by the renal
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columns, separating the renal pyramids and renal papillae. The renal pyramids
have the form of a cone, with their base facing the cortex and t heir inner facing
apex being the papilla. The papilla is a bundle of collecting ducts transporting
urine to the minor calyces of the kidneys. From there, the uri ne �ows to the major
calyces, the renal pelvis and then the ureter. The �ow from th e pelvis to the ureter
is realised via peristalsis by a smooth muscle. The renal artery is directly linked
to the descending aorta and the renal vein to the inferior ven a cava, and with the
pelvis are linked to the kidney through the renal hilum. Abou t 25% of the cardiac
output at rest goes to the kidneys. An illustration of the gro ss anatomy of the
kidney is presented in �g. 2.1.

FIGURE 2.1: The internal anatomy of the left kidney [ 1].

2.2.2 Microanatomy of the kidney

The renal artery divides into segmental arteries, that in tu rn divide in inter-
lobar arteries, which divide into arcuate arteries, cortic al arteries and �nally af-
ferent arterioles that serve about 1 million nephrons (per k idney). The nephron
function is to cleanse and balance the blood. The afferent arterioles form the
glomelurus, a high pressure capillary, which combined with the Bowman's cap-
sule forms the renal corpuscle, located in the cortex, and is responsible for the
�ltration of the blood, while the other part of the nephron, t he renal tubule, is
responsible for the reabsorption of proteins, amino acids, glucose, creatine, wa-
ter and Na+ and Cl� ions. The blood �ow to the nephron and its anatomy is
presented in �g. 2.2.
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FIGURE 2.2: Left: the blood �ow to the nephron, right: the nephron
anatomy, [1].

2.2.3 Animal model

Animal models are important in evaluating new treatments be fore they are
applied to humans. In urology, the �rst models were rabbits a nd dogs, but were
rapidly replaced by the porcine kidney as a model. The pig's k idney is similar
to the human kidney in size, weight and function [ 3]–[7]. On the morphological
point (size and weigth), the similarity is very high [ 5], with its width and thick-
ness slightly inferior to the human. The vascular system of t he pig kidney is close
to the human kidney, and both have a multipapillary architec ture composed of
numerous minor and major calyces [ 4], [6], [7], thus making it ideal as a model
for kidney stone related treatments. While the trial treatm ents are made on living
pigs, it is also possible to use a porcine kidney ex-vivo. In 1 994, Körmann et al.
used an explanted, perfused pig's kidney as a mean of damage evaluation follow-
ing an extracorporeal shock wave lithotripsy treatment [ 8]. A similar experiment
was made in 1998 for damage evaluation following HIFU and SWL treatment in
the porcine liver [ 9], and in 2005 a simpler setup of Bergsdorf et al.was proposed
as a way to compare different lithotripters [ 10]. Szyrach et al. showed that us-
ing kidney from non heart beating donor (i.e. from commercia l slaughterhouse)
was possible: after a 30 min warm ischemia (typical timing be tween the death of
the animal and the kidney extraction in a slaughterhouse), t he kidney is �ushed
using a 500 mL isotonic NaCl solution with 12.5 kU/L streptok inase and then
preserved on ice with Custodiol HTK at 4 � C [11]. The streptokinase successfully
limited the intravascular thrombosis post cardiac arrest a nd therefore protected
the vascular integrity of the kidney. Compared to a control g roup exposed to a
much shorter warm ischemia, some mild change in structural i ntegrity in the cor-
tex was observed and was less pronounced in the medulla. The kidney is then
perfused 2 to 6 hours after explantation. The main advantage s of using kidney
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from commercial slaughterhouse is that there are inexpensi ve compared to labo-
ratory animals and do not require ethical committee evaluat ion.

2.3 Kidney stones

2.3.1 Prevalence and pathophysiology

Kidney stones (also referred as urolithiasis or nephrolith iasis) can be found
in the kidney (in calyces or the pelvis, and a staghorn stone w ill �ll multiple ca-
lyces), in the ureter or in the bladder, as shown in �g. 2.3. The prevalence of
kidney stones in the United States is about 8.8% [12], with men having a statisti-
cally higher risk of contracting kidney stones than women (1 0.6% against 7.1%).
The risk of having kidney stones also increases with the age and weight of the
person. One observation made during the cited study is the dr amatic increase in
prevalence of kidney stones compared to older studies, as those statistics are 63%
higher than 16 years before. Patients that already has formed a kidney stone are
aslo at high risk of recurrence, at around 50% after 10 years [13].

FIGURE 2.3: Location of kidney stones in the urinary system [ 14].

Kidney stones are the results of inorganic and organic resid ues mixed with
proteins, often starting as microscopic nuclei that can rap idly aggregate into large
clumps [15]. The majority of the stones are calcareous with more than 80% of the
stones treated, then struvite (10%), uric acid (9%) and other stones like cystine
are much rarer (around 1%) [14], [16]. The different types of stones with their
prevalence are shown in table 2.1. Kidney stone formation can be the result of one
or multiple factors, divided as genetic predisposition [ 17], dietary and metabolic
[18]–[20]. The rise of incidence of kidney stones in the world in the la st decades
has been linked to the rise of type-2 diabetes, which itself i s directly linked to the
rise of obesity [21].

While the causes for kidney stones formation are wide, one fa ctor that in-
creases greatly the risk of incidence of all kinds of kidney s tones is low urine
volume per day (due to either low intake or loss of water), sin ce the important
factor in stone formation is the concentration of crystalli zing solutes in the urine
rather than its amount.

2.3.2 Mechanical properties

Kidney stones are considered as brittle [22], meaning that their elastic and
plastic deformation is very small before failure. Therefor e, they are more likely
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TABLE 2.1: The different types of stones and their prevalence [16].

Stone composition prevalence

Calcium oxalate-monohydrate 40-60%
Calcium oxalate-dihydrate 40-60%

Calcium phosphate (apatite) 20-60%
Calcium phosphate (brushite) 2-4%

Uric acid 5-10%
Magnesium ammonium phosphate (struvite) 5-15%

Cystine 1-2.5%
Ammonium urate 0.5-1%

Mixed calcium oxalate-phosphate 35-40%
Mixed uric acid-calcium axalate 5%

to break under tensile and shear stress than compressive stress due to the pres-
ence of numerous micro cracks in their structure [ 23]. For breaking the stones
into fragments, the expansion and coalescence of those microcracks is required,
making the stones sensitive to cyclic stress. The mechanical properties of stone
made of cystine, calcium oxalate monohydrate (COM), brushi te and COM, uric
acid, apatite (CA) with calcium oxalate dihydrate and magne sium ammonium
phosphate (MAPH) were determined [ 24] and are listed in table 2.2.

TABLE 2.2: Material properties of kidney stones [ 24].

Stone mass
composition

(%)

Fracture
tough-
ness

(MPa/m)

Density
(kg/m 3)

Longitudinal
wave speed

(m/s)

Transverse
wave
speed
(m/s)

Vickers
hardness

(GPa)

Cystine
(100)

high
1624�

73
4651� 138 2125� 9

0.238�
0.014

COM (100)
0.136�
0.021

2038�
34

4535� 58 2132� 25
1.046�
0.088

Brushite
(95)/COM

(100)

0.119�
0.030

2157�
16

3932� 134 1820� 22
0.727�
0.148

Uric acid
(100)

0.090�
0.028

1546�
12

3471� 62 1464� 12
0.312�
0.044

CA
(95)/COD

(5)

0.057�
0.003

1732�
116

2724� 75 1313� 20
0.556�
0.170

MAPH
(90)/CA

(10)

0.056�
0.003

1587�
68

2798� 82 1634� 25
0.257�
0.080

All the stones except the cystine one presented a brittle behavior. Of all the
brittle stones, the COM stone is the strongest one, with both high elastic and
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hardness properties, while the MAPH/CA stone is the weakest .

2.3.3 Model stones

Arti�cial kidney stones play an important role in research a s a tool for a better
understanding of the fragmentation process of the differen t treatment but also as
a tool to compare the ef�ciency of each treatment. Most of the �rst model stones
were made of plaster of Paris, which yield stones having mech anical properties
in the range of human kidney stone, however the properties va riability between
plaster providers and even between each plaster provider ba tch make it unreli-
able. Nowadays, two model stones are widely used in kidney st one treatment re-
search: the BegoStone [25] which uses a plaster for dental application and yields
mechanical properties close to the COM stones (the hardest and most common
stones), and the Ultracal-30 [26] which is a gypsum-based cement and has me-
chanical properties close to uric acid/MAPH stones. The pla ster/water ratio of
the BegoStone can also be modulated in order to obtain mechanical properties
closer to other stones [27].

2.3.4 Diagnosis and localization

The main symptom of kidney stones is renal colic, an excrucia ting pain in the
lower abdomen, that progresses as the stone moves from the kidney down the
ureter [28]. The list of symptoms in relation to the position of the ston e are listed
in table 2.3.

TABLE 2.3: The symptoms of kidney stone [28].

Stone location Symptoms

Kidney Vague �ank pain, hematuria

Proximal ureter
Renal colic, �ank pain, upper

abdominal pain
Middle section of

ureter
Renal colic, anterior abdominal

pain, �ank pain

Distal ureter
Renal colic, dysuria, urinary

frequency, anterior abdominal
pain, �ank pain

The localization of the stone can be realized using various t echniques, the
most common being computed tomography (CT) scan, radiograp hy and ultra-
sound imaging. If the patient has no history of kidney stones , the best way to
determine if the acute �ank pain is caused by a kidney stone is a CT scan [29].
The CT scan has a sensitivity and a speci�city both around 95- 100% [30], [31] and
can estimate ef�ciently the size of the stone [ 32] and its composition [ 33], both
very important factors in choosing which treatment is more e f�cient for the stone
management. Plain radiography has a relatively low sensibi lity and speci�city
(47% and 70%, respectively) [34], and some stones, such as uric acid stones, are
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radiolucent (i.e. transparent to x-rays). Finally, ultras ound imaging has a low
sensibility but high speci�city (19% and 97%, respectively ) [35], with the out-
come being mostly dependent on the BMI (body mass index) of th e patient, but
also on the type and size of stone. The stone is shown on CT scanand radiog-
raphy as a clearer region, similar to bones, while on ultraso und the detection is
mostly made by detecting the 'shadow' on the image generated by the stone high
acoustic impedance.

During the last two decades, a new method using color-Dopple r ultrasound,
called the "twinkling artifact", has been developed to help the detection of kidney
stone. It was �rst presented in 1996 as a mean to detect granular structures inside
the body [ 36], and was �rst applied to kidney stone localization in 1998 [ 37].
The twinkling artifact manifests itself as rapidly changin g colors around the hard
object on color-Doppler imaging, and is caused by micro-bub bles trapped in the
cracks and cavities of the stone [38]. The twinkling artifact yields a much higher
sensitivity than classical ultrasound imaging, 55% agains t 19%, and also a very
high speci�city of 99% [ 39]. Still, to this day CT scan stays the gold standard for
kidney stones diagnosis. Different imaging techniques of o ne stone are shown in
�g. 2.4.

FIGURE 2.4: Different images of a kidney stone from [ 39]. a) Ultra-
sound imaging: the stone leaves a recognizable "shadow" behind it-
self. b) Twinkling artifact: trail of changing colours behi nd the stone.

c) CT scan: stone identi�able as it is hyperechoic in the kidne y.

2.3.5 Management of the stones

The objectives of the treatment of a kidney stone are to alleviate symptoms,
remove the stone and prevent recurrence. The management will depend on the
type of stone, its size and location. As in most cases the treatment is not im-
mediate but days after the diagnosis of the stone, the management of the renal
colic is done using antibiotics to prevent infection, anti- in�ammatory to reduce
local edema, and paracetamol to raise the pain threshold whi le waiting for stone
removal [ 40].

If the stone is smaller than 5 mm it should pass spontaneously through the
ureter [41], but larger stones require external actions to be removed. While open
surgery was the main treatment for removing kidney stones, i t has been almost
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completely replaced by less invasive methods, namely urete roscopy and extra-
corporeal shock wave lithotripsy for stones smaller than 2 c m and percutaneous
nephrolithotomy for bigger stones.

Ureteroscopy, also called intracorporeal lithotripsy, co nsists of an endoscope
with different tools to extract and break the stones. The fra gmentation of the
stone is realized by repeatedly generating shock waves at close proximity of the
stone, either by using a pneumatic lithotripter, an electro hydrolic lithotripter, or
laser lithotripters. Nowadays, with the progress of �ber op tics, the fragmentation
is made mostly using a laser, where two parameters are at play : the frequency of
the repeated shock and the power of each shock, and acting on those parameters
yields different results with both advantages and disadvan tages [42]. The main
advantages in favor of intracorporeal lithotripsy is a very high stone free rate
(near 90-97%)[43], [44], treatments of stones of up to 3 cm possible [45], effective
treatment of morbidly obese patients, and is the safest treatment for patient on
anticoagulant [ 46], while the disadvantages are often long treatment time, th e
majority of the treatment made under general anaesthesia, and its invasiveness
relatively to extracorporeal lithotripsy.

Percutaneous nephrolithotomy is used only in the case of ver y large stones
(> 2 cm), extremely dense stones, very high quantity of stones, or staghorn stones
(stones that �ll a large part of the kidney). The operation, w hich requires gen-
eral anaesthesia, consists of a sheath place into the kidneyto allow the passage
of a nephroscope for the fragmentation of the stones using th e same technolo-
gies as the ureteroscope, and then to allow the succion of the fragments [47].
This method also generates a high stone free rate (near 100%), but also has a
high complication rate compared to the other minimally inva sive methods [48],
and as such is generally used only in extreme cases. Extracoporeal shock wave
lithotripsy, being the main subject of this thesis, is descr ibed extensively in the
next section.

2.4 Extracorporeal shock wave lithotripsy

Extracorporeal shock wave lithotripsy (ESWL or SWL) was int roduced in the
early 1980s [49] and is the most common treatment for removing kidney stones
[50]. It is a non invasive method where very high amplitude acous tic shock waves
generated outside the patient body are focused toward the ki dney stone in order
to break it. A complete shock wave lithotripter system requi res a system to local-
ize the stone to be treated and position the patient accordin gly, and a shock wave
generator. The localization systems used are X-rays and ultrasound, that are typ-
ically used in combination, and the positioning can be made b y either moving
the generator or the patient. A complete extracoporeal shock wave lithotripter
system is shown �g. 2.5.
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FIGURE 2.5: The SonolithR
 i-sys lithotripter, EDAP-TMS, is com-
posed of a C-arc X-ray for the rapid localization of the stone inside
the body, but also have the option to use ultrasound imaging t o fol-
low the stone during the treatment. The shock wave generator is
electroconductive and the patient is positioned by moving t he table.

2.4.1 Shock wave generators

The shock wave generator can be electroconductive, electrohydraulic, elec-
tromagnetic or piezoelectric. In the case of the electroconductive and electrohy-
draulic generators (see �g. 2.6(a)), the shock wave is generated by discharging a
very high voltage (around 10 to 30 kV) between two electrodes facing each other
at a small distance, usually in the order of a few millimeters and immersed in a
liquid, either water for the electrohydraulic generator or a conductive liquid such
as a mix of salt water for the electroconductive generator. T he spark provoked by
the discharge of the high voltage generates a shock wave in water at the �rst fo-
cus of an semi-ellipsoid re�ector which is therefore focuse d at its second focus,
where the kidney stone should be. The electrodes wear off aft er each discharge,
much more so in water (electrohydrolic) than in a conductive liquid (electrocon-
ductive), increasing progressively the gap between them, and thus need to be
replaced after a determined number of sparks. Also, as the electrodes wear off,
the spark might slightly change its position inside the elli psoidal re�ector, and as
a result might dramatically decrease the pressure level at t he second focus and
thus the ef�ciency of the treatment. These types of generato rs are the most com-
mon in commercial lithotripters as they were the �rst techno logy to be developed
for ESWL. In the electromagnetic system, the initial shock w ave is generated us-
ing a loudspeaker-like system by sending a short electrical pulse into a coil to
move a metal plate that then generates an acoustic wave. Thisacoustic wave can
be focused toward the kidney stone by using a parabolic re�ec tor (see �g. 2.6(b))
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or a lens [51]. In the piezoeletric generator (�g. 2.6(c)), a 2D array of piezoelectric
elements is tied to a spherical structure, focusing the shock waves of each element
to the center of the sphere. A typical shock wave, measured at the focus point of
an electrohydraulic generator, is presented �g. 2.6(d)[52].

FIGURE 2.6: Different shock wave generators [52]: (a) electrohy-
draulic generator; (b) electromagnetic generator; (c) piezoelectric
generator; (d) a shock wave generated by a Dornier HM-3 electro-

hydraulic generator.

The �rst peak (compression) pressure is usually called 'P+' , and can vary be-
tween 30 and 110 MPa while the second peak (tensile trail) pressure is called 'P-'
(or sometime 'PNP', for peak negative pressure) and is usual ly comprised be-
tween -5 and -15 MPa [52]. The shock waves of electrohydraulic and electrocon-
ductive generators have low reproducibility whereas they a re very reproducible
for electromagnetic and piezoelectric ones. Also, both electromagnetic and piezo-
electric shock waves are not completely a single pulse, as often a few trailing
pulses of lower amplitude are seen behing the initial shock, whereas a single
shock wave pulse is effectively delivered for the other gene rators.

In the �rst generation of lithotripters, the transmission o f the shock wave into
the body was made by using a water bath: the patient and the gen erator were
immersed into degassed water, and thus the transmission was made directly from
the water to the body, as its soft tissues have acoustic impedance very close to that
of water, allowing maximum acoustic transmission. Nowaday s, the transmission
is made through a thin membrane covered with coupling agent t hat closes the
shock wave generator and can be �lled or emptied with degasse d water to place
the focus at the correct position inside the body.

Other kinds of lithotripsy generators were notably made for research purpose.
A generator consisting of a 2D array of piezoelectric transd ucers, where the fo-
cus can be steered electronically, was also presented [53], [54] and time-reversal
technique [55] can also be used to track and focus a stone inside the body [56],
[57], but the number of piezoelectric elements needed to obtain high-amplitude
shock wave and the electronics they involve render them not c ost worthy for
commercial applications. More recently, works on one-bit t ime-reversal method
combined with multipe scattering [ 58]–[60], a waveguide [ 61], [62], or a chaotic
cavity [ 63], [64] showed promises for electronically focused lithotriper, by us-
ing fewer piezoelectric elements and being electronically simpler than a classical
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time-reversal generator. Also, progress in the �eld of meta -materials could po-
tentially simplify the electronics behind phased array [ 65].

2.4.2 Mechanisms involved in ESWL stone comminution

To this day, a complete understanding of the mechanisms impl icated in stone
fragmentation by SWL remains uncertain. Still, some mechan isms were identi-
�ed, as spallation, shear stress, squeezing and cavitation.

Spallation

As presented in 2.3.2, kidney stones are made up of brittle materials, full of
small microcracks that can expand, nucleate and generate failure lines when ex-
posed to tensile and shear stress [23]. This property makes the stones particularly
sensitive to cyclic stress, like in shock wave lithotripsy w here they are exposed to
repeated stress as an average of 3000 shock waves are used in clinical treatments
[66]. Due to the shock wave waveform, the compressive stress is preponderant
when the shock wave hits and propagates through the stone. Bu t when the wave
inside the stone reaches a boundary, most of the compressive wave is re�ected
as a tensile wave (Hopkinson effect) due to the high impedanc e difference be-
tween the stone and the urine/tissues, which is then added to the negative trail
of the shock wave. Thus, a high amplitude tensile stress is pr esent near the distal
boundary of the stone and fragmentation occurs in this area. This phenomenon
is illustrated in �g. 2.7

While the spall failure is mostly happening on the distal bou ndary of the stone
due to the partial re�ection of the very high compressive str ess into a tensile
stress, the whole stone is also exposed to the tensile trail of the shock wave, which
can also generate fragmentation on cracks naturally present inside the stones. As
the stones are often inhomogeneous and with voids present in their structure,
partial tensile re�ection of the compressive wave also happ ens locally around
these, potentially participating in the fragmentation as w ell.

Shear stress

Kidney stones, by their composition of brittle material mai ntained together
by a protein matrix, have a very low resistance toward shear s tress [67]. Shear
waves are generated in the stone as the shock wave passes trough the stone and
their impact is dependent of the shape of the stone [ 68], [69]. In the case of highly
focused lithotripter, high shear stress values will also be present, in solid/tissues
only, at the focus due to the high gradient of compressive pre ssure at the focal
area.

Squeezing

The sound speed inside the kidney stone is much higher than in water, urine
and tissues, with a longitudinal wave speed between 2700 m/s and 4700 m/s
(see table 2.2) compared to � 1500 m/s, meaning that the shock wave in the
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FIGURE 2.7: Illustration of the spall failure model. (a) The shock
wave travels inside the kidney stones from left to right. (b) The
compressive part of the shock wave is partly re�ected as a ten sile
stress, due to the impedance of the stone being higher than wa-
ter/urine/tissues (Hopkinson effect), on the distal bound ary of the
stone and is then added to its tensile trail. The microcracks exposed
to this tensile stress open, irreversibly expand and nucleate. (c) Af-
ter multiple shock waves, the cracks form a fracture line clo se to the

distal boundary, resulting in the fragmentation of the ston e.

�uid/tissues surrounding the kidney stone is at a different position that the shock
wave inside stone. The squeezing mechanisms imply that the l ateral pressure
of the shock wave that propagates in the surrounding urine/t issues around the
stone exerts enough stress to break the stone [70]. This means that the shock
wave, and therefore the focus of the lithotripter, is large e nough to encapsu-
late the stone. The quasi-static squeezing theory [70] postulates that the shock
wave surrounding the stone generates a hoop stress inside the stone, effectively
'squeezing' it, and as a results the stone breaks under fatigue due to the coales-
cence of the micro-cracks naturally present. An illustrati on of this phenomenon
is shown in �g. 2.8

According to another squeezing theory, the dynamic squeezi ng [71], [72], the
shear waves inside the stone are initiated when the shock wav e hit the corners
of the stone and then reinforced by the lateral pressure of th e shock wave out-
side the stone generating a high tensile stress concentration at about one third
of the distal end of the stone. Numerical and experimental an alysis were made
to support this theory [ 72], showing that the �rst fragmentation occurs close to
the numerically found location of the high tensile stress. A numerical simula-
tion of this phenomenon is shown in �g. 2.8. These results are also supported
clinically, as it was observed that low pressure large focus lithotripter, like the
Dornier HM3, the �rst commercial lithotripter, yielded bet ter results compared
to highly focused lithotripters [ 73], [74].
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FIGURE 2.8: Left: quasistatic squeezing fragmentation mechanism
[70]. Right: Numerical simulation of the dynamic squeezing in-
side a cylindrical model stone [ 72], where the negative values are
the compressive stress (blue) and the positive values are the tensile
stress (red). At t=2 ms, the shock wave inside the stone has already
distanced itself from the shock wave in water, and generates shear
stress that propagates toward the axisymmetric axis of the stone.
At t=4 ms, high tensile stress is generated by the longitudinal wave
in the surrounding liquid (dynamic squeezing). The spallat ion phe-
nomenon is also observable on the distal part of the stone, and is less
preponderant that dynamic squeezing. at t=5 ms, the high tensile re-
gion is the result of the dynamic squeezing, with also a contr ibution

from the re�ected tensile wave of the spallation.

Cavitation

The negative pressure trail of the shock wave induces a rapid growth of the
small bubbles naturally present in the water/urine. After a while, these bubbles
will violently collapse, creating a strong microjet that ca n damage the surface of
the kidney stone [ 75], [76]. The collapsing of these bubbles causes erosion at the
surface of the stone, yielding small sized fragments (radiu s inferior to 1-2 mm)
[77]. The importance of cavitation in stone comminution was und erlined when
SWL was performed in vitro in water and in castor oil (which has the property
of inhibiting cavitation at ESWL pressure levels) [ 77]. After the same number
of shock waves, the same type of model stone treated in water w as fragmented
in much smaller pieces than the ones in castor oil, which lead the authors to con-
clude that there is a synergy between stress waves inside thestone and cavitation:
stress waves break the stone in large fragments that are thenreduced by cavita-
tion to a sub 2 mm size. The same conclusion was obtained when combining SWL
with histotripsy (a method that uses cavitation to destroy t issues) [78]. The cav-
itation in lithotripsy is usually the result of the collapse of a large bubble cluster
instead of multiple individual bubbles, generating crater shaped holes on large
surfaces of the stone [79]. Photographic time series of the collapse of a bubble
cluster and a photo of its subsequent damages on the stone areshown in �g. 2.9
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FIGURE 2.9: Photographs of cavitation on model stones [79]. (a)
High speed photographic time series of the collapse of a bubb le clus-
ter on the proximal face of a model stone. (b) Resulting damag es on

the proximal face of the stone after 50 shock waves.

2.4.3 Limitations of ESWL

While being widely used around the world, extracorporeal sh ock wave lithotripsy
presents some limitations, some of which have solutions tha t are not commonly
implemented in modern commercial lithotripters.

Motion of the stone

During the treatment of the stone using shock wave lithotrip sy, the stone can
move due to the respiratory motion or discomfort of the patie nt, or even after re-
ceiving the shock wave itself. A small cyclic motion of the st one has been found
to reduce dramatically the ef�ciency of shock wave lithotri psy [80]. Efforts have
been made to improve tracking of the stone during treatment, by either using
real time localization [ 81]–[83], time-reversal piezoelectric generator using the re-
�ected wave on the stone [ 57] or the cavitation bubbles [ 84] to refocus after each
shot, resonant scattering of the shock wave after hitting th e stone [85] or a piezo-
electric lithotripter that has the ability to operate in pul se/echo mode to verify if
the stone is present at its focal before �ring the shock wave [ 86].

Side effects of ESWL

Even if shock wave lithotripsy is considered as a non invasiv e procedure,
shock waves are known to have side effects on the kidney and th e tissues around
it [ 87], [88] and even the residual fragment of the treated stone can lead to some
complications like recurrent kidney stone formation [ 89]. A non extensive list of
clinical acute side effects of ESWL includes: hematomas, hematuria, partial to to-
tal ureteral obstruction, arrhythmia and pancreatitis. Th e injuries caused by SWL
can also result in the long term to the loss of functional rena l mass [90] and new
onset of hypertension [91]. Similar to the mechanisms of the stone comminution,
the mechanisms of tissue damages are not fully known. The shock wave gener-
ated by a lithotripter has been proved to cause cell lysis (ru pture of the membrane
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of the cell, resulting in its death) [ 92], [93], and shear stress due to tissues hetero-
geneity results in tissue lesions [94]. But what may be the main cause of tissue
injuries is cavitation [ 95]–[97] that, while being ef�cient at reducing kidney stones
into very small fragments, is also very ef�cient for tissue d estruction. The damage
caused by SWL to the kidney can be linked to the number of shock waves deliv-
ered [98] and to their amplitude [ 99]. Shock waves trigger a protective response
by the kidney, and a pretreatment of a few hundreds of low ampl itude shock
waves, followed by a pause of 3 to 4 minutes before the real SWL treatment be-
gin, can greatly reduce the damage caused to the kidney [100]. Keeping the shock
wave pulse repetition frequency inferior to 0.5 Hz also prov ed to greatly limit the
damage caused to the kidney [101].

Pre-focal cloud cavitation

While cavitation at the boundaries of the stone is important for the stone com-
minution as discussed earlier, if a bubble cloud is located b efore the focal of the
generator (which should be coincident with the kidney stone ), it will dramati-
cally affect the amplitude of the pressure of the shock wave a nd therefore greatly
diminish or even remove the cavitation effect on the stone [ 102]. A bubble hit by
the negative trail of the shock wave will expand until collap sing into a cluster of
micro-bubbles [103], and if this cluster is hit again before completely dissolv ing,
it will yield an even bigger cluster of bubbles and eventuall y absorb the totality
of the negative pressure of the shock wave while re�ecting it s compressive part
[104]. Since these micro-bubbles have a short lifespan (inferior to one second),
it is recommended to use a pulse rate frequency (PRF) inferior or equal to 1 Hz
[102], [104], [105]. A low amplitude "bubble removal pulse" burst can also be us ed
between each shock wave pulse to stimulate the coalescence of the bubbles and
thus greatly reduce the lifespan of the bubble cloud [ 106], [107].

SWL resistant stones

Shock wave lithotripsy success depends heavily on the composition, location
and size of the stones to be treated [32], [108]–[110]. Stones of high density or
composed of cystine have a low probability to be fragmented e nough to be natu-
rally eliminated if treated with SWL, and large COM stones ( > 2 cm) are unlikely
to be fully treated in one session of ESWL. One way to prevent t his kind of situa-
tion is a proper diagnostic, by using CT imaging [ 32], [33], or maybe supersonic
shear imaging [111]–[113], and to use a more invasive technique than extracorpo-
real shock wave lithotripsy to treat such stones. An in vitro study was also made
to estimate (up to 1 mm precision) the size of the stone using a small (1.2 mm in
diameter) 2 MHz hydrophone [ 114].

2.4.4 Recent progress and evolution in extracorporeal lith otripsy

In the last two decades research on extracorporeal lithotri psy evolved, mostly
by changing the number of pulses sent, their repetition freq uency (PRF) and their
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intensity. The application also widened, with the emergenc e of histotripsy, a
method similar to shock wave lithotripsy but focused on tiss ue removal.

Histotripsy

Histotripsy uses mechanical effects (mostly cavitation) t o liquify tissues using
short high pressure acoustic pulses with low PRF, similar to lithotripsy, and was
developed as an alternative to the non-invasive thermal abl ation of living tissues
realized by HIFU (high intensity focused ultrasound) [ 115]–[119]. The main ad-
vantage of histotripsy over HIFU thermal ablation is the imm ediate removal of
tissue rather than the production of thermal coagulation ne crosis.

Histotripsy uses transducers with a center frequency aroun d 0.5-1 MHz, and
sends bursts of ultrasound pulses with a low duty cycle (arou nd 2 to 20 cycles),
with a peak negative pressure in the range of 12 MPa to 25 MPa and a peak
positive pressure that can be greater than 50 MPa, and the low PRF, allows the
thermal effect in the body to be negligible [ 120]. Typical histotripsy bursts are
shown �g. 2.10.

FIGURE 2.10: Typical histotripsy bursts [ 116].

At the focus of the transducer, a dense bubble cloud is created and the re-
sulting cavitation allows tissue removal. But water and wat er-rich tissues have a
cavitation threshold usually higher than the peak negative pressure of the burst
wave. For example, for a 2 cycles, 1.1 MHz focused ultrasound pulse, the cav-
itation threshold of water is around 27 MPa [ 121]. If the pressure is lower than
this threshold, no bubble cloud can be formed with a single sh ot, however there
is a probability of single bubbles appearing sparsely in the focal region. These
bubbles then permit the initiation of the dense cloud cavita tion: due to non linear
propagation, the positive pressure has a much higher amplit ude than the neg-
ative pressure, giving a very asymmetric waveform, and when the waveform
encounters a bubble, a large negative pressure is generatedby the backscattering
of the shockwave, and thus yields a bubble cloud with a size de pendent of the
number of pulses per burst (i.e. the duty cycle, see �g. 2.11) [122]. Once the bub-
ble cloud is initiated, the PRF must be high enough so that the re is always some
residual cavitation nuclei in the focal zone to re-initiate the bubble cloud, which
will extend toward the transducer. In order to optimise the p robability of cloud
cavitation, a cloud of microbubbles can be generated by an in itiating sequence,
consisting of very high intensity pulses (with a peak negati ve pressure superior to
the cavitation threshold), and then sustain the cloud cavit ation using lower inten-
sity pulses [118]. Another way to ensure cloud cavitation at the focus would b e
to use pulses with very intense peak negative pressure, superior to the cavitation
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threshold of the targeted tissue, which can be achieved using second-harmonic
superimposition [ 123], for example.

FIGURE 2.11: Top: The size of the bubble cloud is related to the
number of cycles at the focus [122]. Right: (1) the bubble expands
in response to the negative pressure, (2) the positive pressure is re-
�ected on the boundary of the bubble as a negative pressure pu lse
due to the strong impedance difference, (3) the backscattered nega-
tive pressure pulse is added to the negative pressure, (4) this very
intense negative pressure generates more bubbles behind, and the

process is repeated as much as there are cycles [122].

One of the challenges of histotripsy is generating a precise lesion inside the
body. Lin et al. found that sub-wavelength sized lesions can be obtained by esti-
mating the intrinsic cavitation threshold and controlling the size of the focal beam
where the peak negative pressure is superior to the threshold [124], [125]. Using
this technique, reproducible lesions as small as 0.9x1.7 mm(lateral/axial) were
made. Lin et al. also investigated dual-beam histotripsy [ 126]: a low frequency
"pump" of 500 kHz with a peak negative pressure inferior to th e intrinsic cavita-
tion threshold and a high frequency probe of 3 MHz were combin ed confocaly in
order to obtain peak negative pressures beyond the intrinsi c cavitation threshold,
in a similar manner to that of Umemura et al. [123]

Cavitation as the main mechanism in stone comminution

The idea of using cavitation as the main mechanism to break ki dney stones
was �rst proposed by Ikeda et al. [127]. Their idea was to induce cloud cavita-
tion erosion around the kidney stone using a "cavitation con trol" waveform, i.e.
using low amplitude/high frequency ultrasound (between 1 a nd 4 MHz) to gen-
erate a cavitation cloud around the stone and then immediate ly force the collapse
of the bubbles using a moderate amplitude (compared to SWL)/ low frequency
ultrasound (545 kHz) [ 128]. The cavitation control waveform and the resulting
fragmentation process is shown �g. 2.12.

This method showed great results in vitro , communiting model and real kid-
ney stones into powder (fragment size inferior to 1 mm) rapid ly. A comparison
between using only the high frequency pulse, low frequency p ulse and the "cavi-
tation control" pulse at a PRF of 25 Hz on model stones during 2 minutes is shown
�g. 2.13.

In 2013, Duryea et al. investigated the use of SWL and histotripsy combined
to produce small fragments in lithotripsy [ 78]. Their prototype consisted of a
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FIGURE 2.12: A "cavitation control" waveform and its working prin-
ciple as presented in [127], [128].

FIGURE 2.13: The model stones were exposed to 2 minutes at a PRF
of 25 Hz to (a) high frequency wave (3.82 MHz) (b) low frequency

wave (545 kHz) (c) "cavitation control" waveform [ 128].

classical electrohydraulic SWL generator with a ring of pie zoelectric elements
tied to the border and focused at the same focal point of the re �ector of the SWL
generator. The SWL generator had a typical peak positive pressure P+ of 34 MPa,
a peak negative pressure P- of -8 MPa and a PRF of 1 Hz, while thehistotripsy
module had a peak negative pressure P- of -33 MPa (extrapolated linearly, not
mesured) and a PRF of 100 Hz. Five treatment schemes were compared in vitro :
10 minutes of SWL and histotripsy interleaved ( i.e. the histotripsy pulses were
sent between each SWL pulse), 10 minutes of SWL then 10 minutes of histotripsy,
10 minutes of histotripsy then 10 minutes of SWL, and �nally 1 0 minutes of SWL
and 10 minutes of histropsy isolated for comparison purpose . The results are
presented in �g. 2.14.

FIGURE 2.14: Stone fragments size proportion following the differ -
ent treatment schemes [78].

All of the combined SWL/histotripsy treatments showed bett er results com-
pared to SWL and histotripsy alone, as they yielded smaller f ragments. The best
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method was determined as SWL followed by histotripsy, as alm ost no fragment
of a size superior to 6 mm were found afterward. From this, the authors con-
cluded that, during SWL treatments, once the stone was broken in a few frag-
ments, cavitation was the main comminution mechanism. Duri ng these experi-
ments, the authors observed the formation of pre-focal clou d cavitation and de-
termined that their results can be improved if the shielding exerted by these bub-
bles was removed.

Following that conclusion, Duryea et al. investigated the use of a "bubble
removal pulse" to remove the pre-focal "cavitation memory" , responsible of re-
ducing the effectiveness of cavitation erosion on the stone [106], [107]. A sep-
arate transducer generating a low amplitude and wide focus u ltrasound burst
was used on the cavitation cloud resulting of the histotrips y treatment to stim-
ulate the cloud coalescence (�g. 2.15) and therefore shorten greatly the bubbles
lifespan.

FIGURE 2.15: The bubble removal pulse [129].

Ultimately, the "bubble removal pulse" was proved to highly increase the ero-
sion caused by histotripsy, up to 7.5 times more than histotr ipsy performed with-
out it [ 129].

Ultrasonic propulsion of kidney stones

Ultrasonic propulsion of kidney stones was �rst introduced in 2010, with a de-
vice that could move small stones using ultrasound radiatio n force inside a tissue
phantom [ 130]. As such, it is not a lithotripsy device as its objective is t o move
small stones outside the kidney rather than fragment them, h owever it could eas-
ily be used in combination of lithotripsy, as, for example, t o clear the kidney of
small fragments that could potentially generate another ki dney stones after the
ESWL treatment. It was then tested with success in-vivo on swine models, where
stones were moved with less than 2 minutes of ultrasound expo sure, but also
generated mild thermal damages to the surrounding tissues [ 131]. As of 2016, ul-
trasonic propulsion of kidney stones was successfully eval uated in clinical trials
[132].
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Burst wave lithotripsy

While the lithotripsy system described in [ 129] was highly focused (2 mm in
the lateral directions and 6.3 mm in the axial) to rely mainly on cavitation to frag-
ment the stone, Maxwell et al. investigated the use of a wider focused system
that could fragment stones combining stress waves and cavit ation, called burst
wave lithotripsy (BWL) [ 133]. The pressure waveform consisted in a burst of 10
cycles at relatively low pressure ( < 7 MPa), at three different pulse frequencies
(170 kHz, 285 kHz and 800 kHz), at a PRF of 200 Hz and with a lateral focus -6
dB bandwidth of 7.6 mm. Results on both arti�cial and human sm all stones (size
< 8 mm) were impressive, with very fast total comminution of th e stones. The au-
thors underlined that the fragments size were dependent on t he pulse frequency:
high frequencies yielded small fragments but required long er treatment times,
while low frequency yielded larger fragments after short tr eatments. Conversely,
it was found on in-vivo pig model that low frequency implied high kidney dam-
age, while high frequencies are relatively safe compared to ESWL [134]. The use
of BWL combined with ultrasonic propulsion to help push the s tone out of the
urinary tract was also investigated [ 135].
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Chapter 3

Preliminary Experiments

3.1 Introduction

The general objective of this doctoral work was to �nd and dev elop an in-
novative extracorporeal lithotripsy treatment transduce r that could potentially
be equipped on the next generation of commercial lithotript ers of the company
EDAP-TMS. As this general objective was the only directive of this the sis, a rather
long time was consecrated to de�ne properly the different su bjects to be worked
on. As such, extensive experiments on burst wave lithotrips y, a promising new
extracorporeal lithotripsy method that was �rst published in 2015, were made to
evaluate the possibility of dedicating this thesis to this m ethod. Also, an evalua-
tion of the different shock wave lithotripsy technologies u sed at EDAP-TMS, i.e.
electroconductive and piezoelectric lithotripters, was m ade in order to look for
possible innovations in that area.

3.2 Burst wave lithotripsy

The �rst paper on burst wave lithotripsy (BWL) was published in 2015 [133],
just before this thesis, and as such this new extracorporeal lithotripsy method
was investigated at the beginning of this thesis. The focus here was to try to
reproduce the results of the original paper and see their lim its. In their paper,
Maxwell et al. sent low pressure bursts of 10 cycles at three different frequencies
with a PRF of 200 Hz on both arti�cial and human kidney stones t o break them.
The pressure was relatively low, and it was found that a maxim um pressure am-
plitude superior to 2.8 MPa was needed for stone comminution at 170 kHz, but
an increase in pressure did not improve the fragmentation si gni�cantly. In their
experiments, the maximum pressure used was 6.5 MPa. The stones were glued
onto a thin, acoustically transparent, membrane and positi oned in a way that the
focal width at the focus of the transducer was wider than the s tones. The arti�cial
stones were BegoStones made according to the paper from Liu and Zhong [ 25],
and were cylindrical with a diameter of 6 mm and length of 10-1 2 mm.

The arti�cial stones needed around 9.7 min of BWL exposure to be fully frag-
mented, and it was found that the maximum size of the fragment s were depen-
dent of the frequency used: at 170 kHz, the maximum size was around 3 mm,
while at 285 kHz no fragment larger than 2 mm was produced and a t 800 kHz
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no fragment superior to 1 mm were found. The size distributio n of the fragments
after BWL treatment is shown in �g. 3.1.

FIGURE 3.1: Fragments size after a BWL treatment [133].

For the original authors, the intended objective of the deve lopment of BWL
was to fragment the stones with the shear waves generated when a stone is ex-
posed to a focus wider than its size, and the low pressure was a important factor
to avoid cavitation, which is most likely the main mechanism of tissue damages
during ESWL.

From this article, the results were very encouraging and pre sented a clear evo-
lution from traditional extracorporeal lithotripsy, but a ll these results were, at the
time, in vitro and therefore the effect on tissue of such ultrasound exposure were
still unknown. After the experiments presented here were ma de, an article as-
sessing the tissues damages was published, and thisin-vivo study showed heavy
renal damages for low frequency BWL [ 134].

3.2.1 Experimental setup

The experimental setup was similar to that of the original pa per. Here, two
different frequencies of focused transducers were used, 180 kHz and 360 kHz,
with their focal characteristics given in table 3.1.

TABLE 3.1: -6 dB focal characteristics of the focused transducers

Frequency
(kHz)

width (mm) length (mm)
Max pressure

(MPa)
180 8.3 37.7 3.5
360 4.5 21 4.1

The stones were made of plaster of Paris mixed with water with a weight ratio
of 10:6, were cylindrical and with two different sizes: larg e stones had a diameter
of 15 mm and a length of 17 mm while the small ones had a diameter of 6 mm
and a length of 10 mm (similar, in size, to the ones used by Maxw ell et al). The
stones were placed in degassed water (< 2 mg/L O2) at least 12 hours before the
experiments. The experiments were made in a tank full of dega ssed water (< 2
mg/L O2) where the stones were glued to an acoustically trans parent membrane
and placed at the focus of the transducers with a computer num erical control
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(CNC) 3-axis positioning. The cavitation photographs were captured using a high
speed camera (Phantom V12.1, Vision research, USA).

The stone exposure settings were also almost the same than inthe original
paper: bursts of 10 cycles were sent at a PRF of 200 Hz at maximum pressure
(3.5 MPa at 180 kHz and 4.1 MPa at 360 kHz). During the stone treatment, the
fragments were collected in order to determine their size by placing a recipient
under the stone.

3.2.2 Results

Small arti�cial stones

Fragmentation of the small arti�cial stones (6 mm diameter a nd 10 mm length)
was done with both frequencies. At 180 kHz, the total fragmen tation was made
in less than 10 minutes, similarly to the original paper. Pho tos of the fragmenta-
tion of arti�cial stones at 180 kHz are shown in �g. 3.2 and �g. 3.3. In the �rst
case, the stone quickly broke in three large fragments with o nly a handful of less
than 3 mm fragments, while the second �gure shows fragments o f sizes mostly
comprised between 2 mm and 3 mm, but larger fragments were als o occasionally
observed, as sometimes the stones were not breaking uniformly, i.e. from bot-
tom to top, and thus large parts of the stones fell. This is mos tly a setup defect
rather than a problem with the BWL itself. The different ways of breaking the
stones were obtained by changing the position of the center of the focus of the
transducer inside the stone: in the case where the stone broke in three large parts,
the center of the focus was at about one third of the length to t he stone from the
distal face, while in the case with the fragmentation in smal l pieces, the center of
the focus was at about one third of the length of the stone from the proximal face.

FIGURE 3.2: Example of an arti�cial stone that quickly broke in 3
parts after exposure to 180 kHz BWL. The white cross in the �rst
photo represents the approximate position of the focus of th e trans-

ducer. Acoustic propagation from bottom to top.
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FIGURE 3.3: Photographic time series of the fragmentation of a
small arti�cial stone at 180 kHz. The white cross in the �rst pho to
represents the approximate position of the focus of the tran sducer.

Acoustic propagation from bottom to top.

Cavitation was also present during the stone comminution, a s shown in the
high speed photographs in �g. 3.4.
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FIGURE 3.4: Photos of the stones during 180 kHz BWL with a shut-
ter speed of 10 ms. The white cross in the �rst photo represents the
approximate position of the focus of the transducer. Acoust ic prop-

agation from bottom to top.

At 360 kHz, the width of the focus of the transducer was smalle r than the stone
itself, and outside small damages caused by cavitation pitt ing on the proximal
face of the stone, no fragmentation was made after more than 10 min of BWL
exposure. As the maximum pressure was already close to the lowest limit (2.8
MPa according to the original paper) at the focus, moving the stone behind the
focus to have a wider exposure was unfortunately impossible .

Large arti�cial stone

In this case, the width of the stones (15 mm) was much larger th an the width
of the focus at both frequencies. This was done to evaluate the importance of the
stone size in BWL. As in the case of the small stone exposed to BWL at 360 kHz,
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only cavitation pitting damages was seen of the proximal fac e (in relation to the
transducer) of the stone for both frequencies, as seen in �g.3.5.

FIGURE 3.5: Top: High speed photographs of the stones during
BWL with a shutter speed of 10 ms. Bottom: Photo of the proximal

face of the stone after an exposure of 10 min of BWL.

3.2.3 Discussion

In the case of the 180 kHz transducer treating small stones (which have the
approximate same size as those of the original papers from Maxwell et al.), the
fragmentation is occurring as described in the original pap er, with some notable
observations. First, the way the stones fragment seems to bedependent on the
position of the focus in our case, with larger fragments obta ined with the focus
closer to the distal face of the stone. This may be related to cavitation: as seen
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on the high speed photographs and with the cavitation pittin g damage on large
stones, cavitation is present and the pitting it causes around the stone, i.e. in our
case on the cylindrical face, may generate cracks that initiate the fragmentation
by the stress wave. In the case where the position of the focus is close to the
distal face, the cavitation may only happen on the distal sid e while the proximal
side is mostly exposed to stress, meaning that only the cracks naturally present
inside the brittle arti�cial stones are affected, therefor e resulting in larger frag-
ments. This show the importance of the cavitation in the burs t wave lithotripsy
communition process, which was initially sought to be avoid ed by the authors
in order to minimize tissue damage. Recent works acknowledg e the presence of
cavitation at the focus of the BWL transducer [ 136].

Second, the ratio between the -6 dB diameter of the focus of the transducer
and the size of the stone is a very important factor, as observed here: if the stone
is larger than the diameter of the focus, no fragmentation is observable, only cav-
itation pitting damages on the proximal face. This supports the initial hypothesis
from the authors of the original paper that a phenomenon simi lar to the dynamic
squeezing in shock wave lithotripsy [ 71], [72] is the main factor in stone com-
minution in burst wave lithotripsy.

Burst wave lithotripsy in-vitro experiments show overall very impressive re-
sults, with rapid and ef�cient communition of small arti�ci al (and human) stones.
However, the treatment was completely inef�cient for stone s larger than the -6 dB
width of the transducers. The large focal width necessary to treat stones larger
than 6 mm can be obtained with piezoelectric transducers by s imply setting the
stone before the focal point (between the focus and the transducer), which is what
Maxwell et al. did in the original article for the transducers that did not p ossess
the focus width requirements. But in those areas the pressure amplitude is largely
inferior to the one at the focal point, so to compensate the surface pressure of the
transducer needs to be much higher, resulting in very high pr essure at the focus
which will undoubtedly generate heavy tissue damages as its waveform will be
close to the one used in histotripsy for tissue ablation. Oth er solutions to have
a large focal width include piezoelectric arrays, which are still too expensive to
consider for a commercial lithotripter to stay in the price r ange of its competitors,
as it is the aim in this thesis, and also confocal setups can beconsidered.

Unless using a setup that allows focal area to have large widt h without gen-
erating high pressure levels, BWL is limited to the treatmen t of small (1 cm at
most) kidney stones. However, shock wave lithotripsy is alr eady very ef�cient
for stones of the same size requirement [40], and can also treat larger stones,
albeit with lower success rate. As such, BWL is not yet a total replacement of
SWL, but it does present the advantage of a possible handheld and inexpensive
small therapeutic transducer that can treat rapidly small s tones. This last solu-
tion, combined with ultrasonic propulsion, already seems i n development by a
team composed of the original authors [ 135].

It is also relevant to note that this method has not yet been ap proved by the
US Food and Drug Administration (FDA), a process that could t ake years. A
recent in-vivo study [ 134] showed high tissue damage at 170 kHz, which was the
transducer that had the larger focus width, while higher fre quencies seemed safe.
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Therefore, burst wave lithotripsy as the main mechanism for stone fragmen-
tation was set aside for next generation of commercial litho tripters. However,
seeing how ef�cient it was for small stones it was not dismiss ed, and as such a
requirement was set that the prototype of this thesis will ei ther be able to gener-
ate BWL for small stone treatments, or even try to combine it i n some way with
classical SWL in order to improve fragmentation, similarly to a combination of
histotripsy and SWL [ 78].

3.3 Shock wave lithotripsy

This section presents both numerical simulations and exper iments realized on
commercial lithotripters in order to look for potential inn ovations in the ESWL
technology.

3.3.1 Impact of the focal characteristics

Since the beginning of ESWL and its �rst lithotripter, the Dornier HM3, a wide
range of commercial lithotripters were made using differen t shock wave tech-
nologies, and each one having a different waveform and focal volume. As pre-
sented in the literature review in chapter 2, wide focal volume seems to lead to
more ef�cient stone fragmentation, mostly due to the partic ipation of the dy-
namic squeezing phenomenon. In the article introducing thi s phenomenon, the
author changed the size of the focal width and concluded that wider focus leads
to higher stress inside the stones. Still, many narrow focused lithotripters, which
have pressure amplitude at least twice higher than the HM3, p resents good re-
sults both in-vitro and clinically. A comparison of the focal characteristics o f the
Dornier HM3 and the EDAP-TMS Diatron 4 (whose commercial name is I-Sys) are
shown in table 3.2. While the Diatron 4 focal width is around three times smalle r
than that of the HM3, its maximum pressure is also around thre e times higher.

TABLE 3.2: -6 dB focal characteristics of two commercial
lithotripters, where tFWHMp+ is the time during which the positive

pressure exceeds half the maximum pressure

Name
width
(mm)

length
(mm)

Max pressure
(MPa)

tFWHMp+
(ms)

Rise
time (ns)

HM3-A [ 137] 10 60 +38.4/-10 0.31 49
Diatron 4 3.1 34.7 +120/-12 0.342 38

In order to compare the impact of both lithotripters on kidne y stones, an
equivalent numerical modeling to the original article [ 71] was made. The model
was axisymmetric and was implemented in �nite element using COMSOL, where
the �uid (water) was modeled using linear acoustics equatio n, the kidney stone
was modeled using linear elasticity and the �uid solid inter face was realized us-
ing surface integrals. The axysimmetrical model did not inc lude a way of ab-
sorbing the wave at the boundaries but instead was made large enough to avoid
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the boundaries re�ections to enter the stone during the time of the simulation.
The simulation domain is presented in �g. 3.6 and the numerical modeling is
detailed extensively in the next chapter. The maximum eleme nt size was 55 mm
with second order Lagrange elements and the temporal discre tization was 20 ns.
The shock wave was set as an initial condition 2 mm away from th e proximal face
of the stone and the total time of the simulation was chosen in order to allow the
wave to fully travel inside the stone and come back to the its p roximal face.

FluidStone

Shock wave

r

z

FIGURE 3.6: The simulation domain, where here the stone is cylin-
drical but can also be spherical.

The stone here is chosen as a Begostone model stone and its material proper-
ties for the simulation are given in table 3.3[25].

The waveform was modeled the same way as in the original paper by using
the following equation:
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TABLE 3.3: Material properties of the Begostone model stone[25].

Density
(kg/ m3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

2174 30.890 11.221

ps(r, t) = p0(1 + tanh(t/ tRT))exp(� t/ tL )cos(2p fL t + p /3 )exp(� (r/ rg)2) (3.1)

where tRT controls the rise time, tL and fL control the pulse temporal shape, and
rG is the spatial width of the focus. From table 3.2, both shock waves were mod-
eled and are shown in �g. 3.7.
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FIGURE 3.7: Shock wave for the Diatron 4 and HM3 lithotripter.
Diatron 4 shock wave measured with �ber optic hydrophone,
Diatron 4 shock wave modeled using ( 3.1), HM3 shock wave

modeled using (3.1)

As in the original paper, the maximum shear stress t and the maximum tensile
stress st in the stone are used to evaluate the potential damages that the shock
wave can generate into the stone. A comparison of both lithot ripters shock waves
was made for cylindrical stones of diameter 3 mm to 13 mm, with the cylinder
length always 1 mm longer than its diameter, and for spherica l stones of diameter
between 3 mm to 13 mm. The maximum shear and tensile stress for any instant
in relation to the diameter is shown in �g. 3.8for the cylindrical stones and in �g.
3.9for the spherical stones.
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FIGURE 3.8: Peak shear and tensile stresses inside cylindrical stones
exposed to HM3 and Diatron 4 shock wave in relation to the width

of the stones.
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FIGURE 3.9: Peak shear and tensile stresses inside spherical stones
exposed to HM3 and Diatron 4 shock wave in relation to the diame -

ter of the stones.

As described originally, the peak shear and tensile stresses do not vary much
in relation to the size of the stone when treated with the HM3 s hock wave, whereas
in the case of the Diatron 4 shock wave the peak stresses are very high for small
stones and tend toward similar values than the HM3 for large s tones. This is
because for small stones, the width of the focus allows the dy namic squeezing
phenomenon to happen, which generates very high shear and tensile stresses,
while for larger stones, spallation is the main source of ten sile stress and the high
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pressure gradient of the focus is the main source of shear stress. These phenom-
ena are illustrated in �g. 3.10.
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FIGURE 3.10: Maximum peak tensile and shear stresses during
treatment a with a Diatron 4 shock wave. Top: cylindrical sto ne
of diameter 3 mm and length 4 mm. Bottom: cylindrical stone of

diameter 13 mm and length 14 mm.
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In the case of stones treatment with HM3 shock waves, the main cause for the
stresses inside the stone is always the dynamic squeezing for every size of stone
due to the very large focus width, as shown in �g. 3.11.
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FIGURE 3.11: Maximum peak tensile and shear stresses during
treatment with a HM3 shock wave. Top: cylindrical stone of dia me-
ter 3 mm and length 4 mm. Bottom: cylindrical stone of diamete r 13

mm and length 14 mm.
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In terms of peak tensile and shear stresses, the narrow focushigh pressure
lithotripter (here the Diatron 4) is more advantageous comp ared to a wide fo-
cus low pressure lithotripter (here the Dornier HM3) for stones that have a width
smaller than about twice its focal width, mostly because in t his range the dynamic
squeezing phenomenon is happening. For larger cylindrical stones, the differ-
ences in terms of stress values are not signi�cant between the two lithotripters,
while the narrow focus yields higher shear stress for the sph erical stones, as
shown in �g. 3.12. However, the HM3 lithotripter yields slightly larger area
exposed to high stresses inside the large stones compared tothe diatron 4 where
most of the stress is concentrated on the distal and proximal faces of the stones, as
seen in �gs. 3.10and 3.11, which may play an important role in the fragmentation
of the stone.
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FIGURE 3.12: Maximum peak shear stress. Left: treatment with a
Diatron 4 shock wave. Right: treatment with a HM3 shock wave.

Overall, from these simulations, it can be concluded that th e dynamic squeez-
ing phenomenon yields much higher tensile and shear stresses than the others
mechanical phenomena, as observed on the small stones exposed to the Diatron 4
shock wave. However, it is also hard to conclude on a real diff erence in ef�ciency
between narrow focus high pressure lithotripters and wide f ocus low pressure
lithotripters in term of mechanical stress inside the stone , as if the shock wave ar-
rives in an optimal position into a normal sized stone in lith otripsy, i.e. between
5 to 10 mm wide, both kinds of lithoripters yield similar valu es. As such, in this
thesis no restrictions were made on which kind of focal chara cteristics the new
lithotripter will have.
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3.3.2 Piezoelectric lithotripter

The piezoelectric lithotripter available at EDAP-TMS was the LT02, which
was commercialized in the early 1990's. It consists of 105 circular piezoelectric
elements of central frequency 400 kHz and diameter 37.3 mm which are set on a
spherical support of radius 430 mm. The electrical feeding c ircuit delivers a pulse
up to 6 kV into the ceramics. The main characteristic of the LT 02 compared to clas-
sical electroconductive lithotripters is that its in-vitro fragmentation is much �ner
than any other lithotripter: instead of yielding stone frag ments between 1 to 4
mm in size, the LT02 comminutes most of the stone into submill imeter fragments
powder with only a few fragment with a size comprised between 1 and 2 mm.
While it seems to be an advantage as the fragments are easily evacuated in the
urine and are less likely to produce another stone, the treat ment time was much
longer than with a traditional lithotripter. For compariso n, the LT02 need around
3000 shock wavesin-vitro for a complete communition of a plaster of Paris cylin-
der model stone of diameter 13 mm and length of 14 mm, while the Diatron 4 and
5, which are electroconductive lithotripters, need around 300 shock waves for the
same stone.

At the time, this kind of communition was considered as a char acteristic of
piezoelectric lithotripters. Measurements of the focus of the LT02 and exper-
iments to try to reproduce and understand the phenomenon beh ind the LT02
fragmentation process were made in this section.

Due to its age, no recent measurements of the focal characteristics of the LT02
were made in decades. As such, measurements using a �ber optic hydrophone
were made with the FOPH 2000 from RP-acoustics, whose characteristics are pre-
sented in table 3.4.

TABLE 3.4: Technical data of theRP-acoustics�ber optic hydrophone
FOPH 2000.

Spatial Resolution: 100mm
Pressure range: � 60 MPa to 400 MPa
Rise time: 3 ns
Accuracy: � 5 %
Bandwidth: DC to 150 MHz

A �ber optic hydrophone allows very high pressure to be measu red with great
accuracy, but unfortunately the glass �ber tip is also very f ragile when exposed
to cavitation. From experience, acoustic waves with a negative pressure inferior
to -20 MPa destroy the �ber tip rapidly. In order to have the be st accuracy, the hy-
drophone calibration parameters, needed for later deconvo lution, are measured
before and after the experiments to ensure that the �ber tip w as not damaged
during the experiments.

Since the negative pressure was very high, the focus characteristics presented
in table 3.5were measured with a needle hydrophone at full power. A plot o f the
LT02 shock waves in relation to the voltage setting are shown in �g. 3.13.
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TABLE 3.5: -6 dB focus characteristics of the LT02

Frequency
(kHz)

width (mm) length (mm)
Max pressure

(MPa)
400 1.6 28 148

time (s) # 10-4
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FIGURE 3.13: Pressure measured with the FOPH 2000 at the focal
point of the LT02 lithotripter. The legend gives the power ou tput,

which is linearly divided in 13 different positions.

The main observation that can be made about the waveform of th e LT02 is
that the second positive peak pressure is much higher than th e �rst peak positive
pressure, which is not usual for a lithotripter. The �rst pea k negative pressure
is also unusually high, reaching almost -20 MPa at only 62% po wer output (the
peak negative pressure for electroconductive lithotripte rs usually �oors at -10
MPa). This waveform can be explained by two things: �rst, as s een in �g. 3.14,
each piezoelectric element sends a burst rather than a single pulse, the second
pulse having a positive peak pressure almost equal to the �rs t one.
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