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Abstract

Context: The introduction of new lithotripters has increased problems associated with

shock wave application. Recent studies concerning mechanisms of stone disintegra-

tion, shock wave focusing, coupling, and application have appeared that may address

some of these problems.

Objective: To present a consensus with respect to the physics and techniques used by

urologists, physicists, and representatives of European lithotripter companies.

Evidence acquisition: We reviewed recent literature (PubMed, Embase, Medline) that

focused on the physics of shock waves, theories of stone disintegration, and studies on

optimising shock wave application. In addition, we used relevant information from a

consensus meeting of the German Society of Shock Wave Lithotripsy.

Evidence synthesis: Besides established mechanisms describing initial fragmentation

(tear and shear forces, spallation, cavitation, quasi-static squeezing), the model of

dynamic squeezing offers new insight in stone comminution. Manufacturers have

modified sources to either enlarge the focal zone or offer different focal sizes. The efficacy

of extracorporeal shock wave lithotripsy (ESWL) can be increased by lowering the pulse

rate to 60–80 shock waves/min and by ramping the shock wave energy. With the water

cushion, the quality of coupling has become a critical factor that depends on the amount,

viscosity, and temperature of the gel. Fluoroscopy time can be reduced by automated

localisation or the use of optical and acoustic tracking systems. There is a trend towards

larger focal zones and lower shock wave pressures.

Conclusions: New theories for stone disintegration favour the use of shock wave sources

with larger focal zones. Use of slower pulse rates, ramping strategies, and adequate

coupling of the shock wave head can significantly increase the efficacy and safety of

ESWL.
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1. Introduction

Extracorporeal shock wave lithotripsy (ESWL) is a well-

established treatment option for urolithiasis [1–3]. Howev-

er, the introduction of new lithotripters appears to have

increased the potential problems of shock wave application

compared with first-generation devices [4,5]. Young urol-

ogists favour endourology and are less interested in ESWL,

and at several centres, specially trained technicians rather

than urologists perform ESWL [6]. Recent studies concern-

ing mechanisms of stone disintegration, shock wave

focusing, coupling, and application have appeared that

may alleviate some of the problems associated with newer

lithotripters. Manufacturers have introduced new devices

with significant modifications that, if used appropriately,

may also be helpful. In this paper, we present an actual

update of all major issues concerning theoretical and

practical application of ESWL.

2. Evidence acquisition

This paper is based on discussions held during the 4th

Consensus Meeting of the German Shock Wave Lithotripsy

Society [7]. In preparation for the meeting, we performed a

systematic literature search using the terms extracorporeal

shock wave lithotripsy and stone disintegration (n = 328),

coupling (n = 34), shock wave generation (n = 179), and shock

wave induced trauma (n = 73) in Medline, Embase, and

PubMed. Inclusion criteria were randomised controlled
Table 1 – Comparison of technical details of new lithotripters

Lithotriptor Shock wave
generation

Focal size
(�6 dB)
Lateral
(mm)

Focal
depth
(mm)

Siemens LITHOSKOP Electromagnetic

(coil; pulse)

12 160

Dornier Doli S Electromagnetic

(coil, EMSE, 220)

6 150

Storz-Medical

MODULITH SLX-F2

Electromagnetic

(cylinder)

F1: 6

F2: 9

180

Xi Xin XX-ES Electromagnetic

(self-focusing)

18 180

EDAP TMS Sonolith

i-sys

Electroconductive

(Diatron IV)

14 170 (155–210

MTS Lithogold 380 Electrohydraulic

(SmartTrode)

16 165

AST LithoSpace Electrohydraulic 17 140

Richard Wolf PiezoLith

3000

Piezoelectric

(two self-focussing

layers)

F1: 2

F2: 4

F3: 8

165

N/A = not available; ESME = estimated mean square error; ESWL = extracorporeal
* E12 mm: 117 mJ.
trials (RCTs), observational series, experimental studies, and

reviews providing significant information. Based on this

information, we were able to include the expert opinions of

participating urologists, physicists, and representatives of

European lithotripter companies (Table 1). Finally, the draft

of the paper was discussed with American experts in the

field of shock wave lithotripsy (James A. McAteer, James E.

Lingeman, Robin O. Cleveland, and Michael R. Bailey).

3. Evidence synthesis

3.1. The physics of shock waves

A representative shock wave is shown in Fig. 1. It represents

a short-duration (<10 ms) acoustic pressure wave consist-

ing of a compressive phase (peak pressure: 30–100 MPa)

followed by a tensile phase (negative pressure). From the

pressure form, physical parameters can be calculated, such

as acoustic energy (E; Appendix A) and energy flux density

(Appendix B). Effective energy (Eeff) contributes to frag-

mentation except for the portion not hitting the calculus. At

present, there is a debate on the fragmentation and tissue

injury processes, and no clear metric indicates how well a

stone will break or how damaged tissue will suffer.

3.2. Mechanism and theories of stone fragmentation

Initial fragmentation, similar to the fracture of any brittle

object, represents a process whereby cracks form as a result
Maximum
pressure

(MPa)

Localisation
system

Features

N/A* Isocentric fluoroscope

C-arm

Inline ultrasound

Shock wave source on

parallel isocentric C-arm

Multifunctional

working station

90 Isocentric fluoroscope

C-arm

Inline ultrasound

Lateral ultrasound

Three simultaneous

localisation options

(tri-mode)

150

90

Inline fluoroscopy

Inline ultrasound

Two focal sizes

Multifunctional

working station

30 Lateral ultrasound Low-pressure ESWL

Large focus

) N/A Isocentric fluoroscope

C-arm

Isocentric ultrasound

No jitter effect

Automatic pressure

regulator

40 Adaptable to a C-arm Low-pressure ESWL

Large focus

38 Adaptable to a

C-arm

and ultrasound

Navigation with acoustic

tracking (SuperVision)

126

119

48

Isocentric fluoroscope

C-arm Inline ultrasound

Three focal sizes

Dual simultaneous

localisation

shock wave lithotripsy.
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Fig. 1 – Typical shock wave pulse form in the focal zone. There is a rapid pressure increase at t0 to a peak pressure value P+, with the rise time tr followed by
a decrease to zero crossing the zero line at t1 and a negative phase PS until t2. The time interval t0 to t1 is denominated a positive pulse duration tp+. P+

varies according to the intensity settings of the shock wave generator. The pulse width tw is defined as the time during which peak pressure is >50% of P+.
The pressure profile P(x,y,z,t) describes shock waves in one specific location of the pressure field. The focal width is defined according to the S6-dB
contour in the x and y direction.
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of stresses generated by applied shock waves [1]. Cracks

begin at sites where shock wave–induced stress exceeds a

critical value. Further disintegration occurs as a result of

growth and coalescence of these cracks under repetitive

loading and unloading [8]. Besides established mechanisms

describing initial fragmentation like tear and shear forces

[1], spallation [9], cavitation [10], and quasi-static squeez-

ing [11], further insight was gained by the studies of

Sapozhnikov et al. [12], which introduced the theory of

dynamic squeezing (Table 2).
Table 2 – Summary of existing theories for stone fragmentation

Hypothesis Mechanism Prerequisite

Tear and shear

forces [1]

Pressure gradients resulting

from impedance changes

at the stone front and distal

surface with pressure inversion

Shock wave smal

in space extensio

than the stone

Spallation [9] Reflected tensile wave at

distal surface of the stone

with maximum tension at

the distal part of the stone

Shock wave smal

in space extensio

than the stone

Quasi-static

squeezing [11]

Pressure gradient between

circumferential and

longitudinal waves results

in squeezing of the stone

Shock wave is bro

than the stone

Shock wave veloc

is lower in the w

than in the stone

Cavitation [10] Negative pressure waves

induce a collapsing

cavitation bubble at

the stone surface

Low viscosity of

surrounding med

Dynamic

squeezing [12]

Shear waves initiated at the

corner of the stone are

reinforced by squeezing

waves along the calculus

Parallel travelling

longitudinal wave

Shock wave veloc

is lower in the w

than in the stone

EHL = electrohydraulic lithotripter.
3.2.1. Tear and shear forces

If the length of the pulse is smaller than the stone, then

because of the geometry of the stone surface and its internal

structure, the compressive phase of the shock wave will

generate pressure gradients, which can result in shear and

tensile stresses in the stone. These stresses can produce

tearing and shearing to fragment that stone [1]. In this theory,

the shock wave reflection at the stone–water interface, with

pressure inversion and splitting off of stone material by the

tensile stress of the reflected wave, is emphasised (Fig. 2A).
s Type of action Comments

ler

n

Hammer-like action resulting in

a crater-like fragmentation at

both ends of the stone

Only relevant for

small focus zones

ler

n

Breaking the stone from

the inside like freezing

water in brittle material

Only relevant for

small focus zones

No explanation for

stone breakage at

the front side

ader

ity

ater

Nutcracker-like action

requiring large focal

diameters

Only relevant for

large focal zones

ium

Microexplosive erosion

at the proximal and

distal ends of the stone

More important during

stone comminution

Useful for improving

the efficiency of shock

waves (ie, EHL)

of

s

ity

ater

Nutcracker-like action

in combination with spalling

Best theory to explain

results of the numerical

model
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3.2.2. Spallation

The fluid of the distal stone surface represents an

acoustically soft interface, and the leading compressive

phase will be reflected as a tensile wave. The amplitude of

the tensile stress depends on the difference in acoustic

impedance and the geometry of the stone surface. Using

high-speed shadowgraphy to image stress waves in

translucent model calculi (Fig. 2B), maximum tension

occurred within the distal part, resulting in a fracture

about a third of the way from the distal end [9,12]. This

fracture mechanism is considered similar to freezing water

inside a brittle material.

3.2.3. Quasi-static squeezing

If the focal spot is broader than the stone, then pressure

waves travel in the fluid along the stone’s surface. The

leading compressive phase can create circumferential

stress, which acts on the stone by quasi-static squeezing,

inducing a binary fragmentation with the first cleavage

surfaces parallel or perpendicular to the axis of shock wave

propagation (Fig. 2C). This process assumes that the shock

wave velocity in the surrounding fluid is much lower than

the elastic velocities within the stone. The longitudinal

shock wave moves through the stone, leaving the thin

waves in the fluid encircling and squeezing the stone

[11,12]. For squeezing to be effective, the focal width of the

lithotripter must be wider than the stone; thus, high

fragmentation efficiency will be promoted by large focal

diameters up to 20 mm, and it is not necessary for a steep

shock front to exist. Data suggest that positive pressure (P+)

could be reduced to 10–30 MPa—sufficient to overcome

fracture thresholds (2–10 MPa). This hypothesis has stimu-

lated discussions about the importance of larger focal sizes

and lower pressures compared with small focal sizes with

high pressures in large-aperture sources [2,13].

3.2.4. Cavitation

In addition to direct shock wave effects, cavitation generated

by the negative pressure phase of shock waves occurs in the

fluid surrounding stones and within microcracks or cleavage

interfaces (Fig. 2D). For initial fragmentation, cavitation is less

relevant but becomes important as stone fragments become

smaller. Cavitation-induced erosion is especially observed at

the anterior surface of stones [10]. Suppression of cavitation

using highly viscous media, hyperpressure, or overpressure

significantly reduces disintegrative shock wave efficacy [14].

Recognition of the role of cavitation instone comminution has

led to efforts to enhance the action of cavitation bubbles, such

astandemshock waves generatedusing a piezoelectric source

fitted to an electrohydraulic system, with an additional

discharge circuit to produce the second pulse [15]. However,

cavitation can be detrimental to fragmentation, as it results in

production of gas bubbles lasting for many seconds, therefore

attenuating subsequent impulses [16].

3.2.5. Dynamic squeezing

In dynamic squeezing, calculi are fragmented by shear

waves created inside the stone driven by squeezing waves

from the lateral stone borders (Fig. 2E). The theory is based on
a model that accounts for all acoustic phenomena, inside

and outside of the calculus, including transmission, reflec-

tion, mode conversion, and diffraction [17]. Following

predictions from this numerical model, Sapozhnikov et al

presented experimental evidence of dynamic squeezing [12],

demonstrating that shear waves initiated at the corners of

the stone and driven by squeezing waves along the calculus

led to the greatest stress, whereas reflection of longitudinal

waves at the posterior surface was less important.

3.2.6. Relevance of different theories

Sapozhnikov et al. [12] carried out a set of experiments

testing multiple mechanisms on a research lithotripter—

spalling, quasi-static squeezing, and cavitation (Table 3).

Whereas only one experiment supported spalling and quasi-

static squeezing, dynamic squeezing sufficiently described

initial fragmentation in all experiments (Appendix C; Fig. 3).

Tear and shear forces as well as spallation only remain

relevant in small focal sizes. The current consensus is that

focal width may play a critical role in stone breakage—at least

for initial fragmentation.

3.2.7. Dynamic fatigue

Fragmentation inflicted by shock wave lithotripsy accu-

mulates during the course of treatment, leading to eventual

destruction of the stone configuration [8]. Therefore, stone

comminution is characterised as a progressive process

consisting of initiation (based on dynamic squeezing),

propagation (associated with cavitation), and coalescence

(because of increasing fragility). Finally, mechanical stresses

produce micro-cracks, resulting in a sudden break-off of the

calculus after its molecular structure is destroyed. This

theory relates physical stone properties (fracture toughness,

acoustic speed, density, void dimensions) to shock wave

parameters (peak pressure, pulse width, pulse profile).

3.3. Factors influencing efficacy

According to acoustic properties, shock wave efficacy

depends on various factors (Table 4), including how shock

waves are generated and the size of the focal zone used.

3.3.1. Generating shock waves

Four generating principles are used in clinical lithotripters.

In electrohydraulic lithotripters (EHLs), a spark discharge

between two electrodes produces the shock wave. EHLs

have a great shot-to-shot variability, as the spark location

varies as the electrodes wear down. The significance of this

‘‘jitter effect’’ is under debate [7], with some suggesting that

it might be less relevant in large-focus sources [1]. The

electroconductive system (EDAP TMS, Vaulx-en-Velin,

France) employs electrodes surrounded by a highly

conductive solution, resulting in repeatable spark location

because of shorter interelectrode distance and reduced

electrode wear [18]. Electrode life time exceeds 40 000

impulses. Electromagnetic and piezoelectric sources pro-

vide stable shock wave release lasting for more than a

million shocks; however, acoustic output instability may

occur [19].
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Fig. 2 – Different theories for initial stone fragmentation. (A) Tear and shear forces: Shock waves are transmitted and reflected at the low impedance
stone–water interfaces, with pressure inversion splitting off stone material by tensile stress. (B) Spalling: The distal stone surface as an acoustically soft
interface generates a reflected tensile wave of the initially compressive longitudinal shock wave pulse propagating through the calculus, with maximum
tension within the distal third of the stone (high-speed shadowgraphy by Zhong). (C) Quasi-static squeezing: Stone breakage by tensile stress of the
circumferential shock wave resulting from a lower shock wave velocity in the surrounding fluid than within the stone (modified from Eisenmenger).
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Table 3 – Models and results of the experimental evaluation of stone fragmentation by shock waves (according to Sapozhnikov et al. [12])

Mechanism Model Hypothesis Stone model/numerical calculation

Spallation Stone length: 8–18 mm Stone fractures at the same

distance from the distal end

Stone fractures at a third of the way from the

distal end dependent on length

Block of proximal

surface by corprene disk

Stone fracture is significantly

inhibited

Little difference (50 vs 45 shock waves)

Pressure field similar at the last third

Squeezing Baffle ringing the proximal end Stone fracture is significantly

inhibited

Significant inhibition (300 vs 45 shock waves)

but reduced stress field still at the last third

Conical shape of the stone front Stone fracture is not inhibited Significant inhibition (200 vs 45 shock waves)

Pressure field reduced because of diffraction

Block of proximal end (complete) Stone fracture is not inhibited Significant inhibition (212 vs 45 shock waves)

Pressure field reduced because of absorption
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3.3.2. Enlargement and adaptation of the focal zone

In all extracorporeal lithotripters, energy from a large

source is focused onto the stone. The size of and peak

pressure at the focus depends on the source and the method

of focusing (ie, aperture). It is difficult to compare different

lithotripters in terms of acoustic output because the range of

focal widths and delivered peak pressures is great (Table 1).

The classical definition of focal zone (the diameter at which

the peak pressure is half of P+, known as �6 dB) has only

minor relevance in describing energy output—namely, the

disintegrative efficacy of a source. It is likely that disintegra-

tive efficacy depends on the energy applied to the stone

exceeding a specific threshold for stone disintegration, and

this requires a more complex calculation (Appendix A).

Some lithotripter manufacturers have found ways to

adjust the focal width to suit specific clinical applications. In

the MODULITH SLX-F2 urologic workstation (Storz-Medical,

Kreuzlingen, Switzerland), two focal sizes are realised by

modifying pulse duration using the same electromagnetic

source. The larger focal zone (50 � 9 mm) is recommended

for renal stones, and the smaller focus (28� 6 mm) is for

ureteral stones; however, no improvement in clinical efficacy

could be shown [20,21]. The double-layer arrangement of

piezoelectric elements in the PiezoLith 3000 lithotriptor

(Richard Wolf, Knittlingen, Germany) was used to increase

shock wave energy after reducing the aperture from 50 cm to

30 cm [22,23]. Modifying synchronisation of both travelling

waves additionally allows variation of delay and pulse

formation, resulting in three focal zones.

Recent broad-focus, low-pressure lithotripters

(LithoSpace [AST, Jena, Germany], lithogold [MTS, Konstanz,

Germany], XX-ES [Xi Xin Medical Instruments, Suzhou,

PRC]) attracted attention because research showed that

focal width affects stone breakage in several ways [24]

(Table 1). In vitro [25], the disintegrative efficiency of the

XX-ES lithotripter was superior to the HM3 lithotripter

(Dornier MedTech Systems, Wessling, Germany; 634 vs 831

shock waves). Because no data of applied energy at different

generator voltages (9 kV vs 18 kV) were provided, differ-

ences in configuration and acoustic output of both devices

must be considered when interpreting results. Siemens and
(D) Cavitation: Negative pressure waves of high-speed shocks cause cavitation
interfaces by inducing microjets. (E) Dynamic squeezing: Shear waves initiated
calculus lead to the greatest stress and tension (three-dimensional computer sim
pressure distributions and travelling time of waves inside and along the stone
(55 MPa); red = maximum tensile stress (80 MPa).
Dornier create larger focal zones by prolonged pulse

duration but do not offer different focal sizes [26,27].

3.3.3. Travelling of shock waves

Cavitation bubbles produced by the rarefaction phase of

shock waves can decrease the energy of the following

impulse through scattering and absorption. Once created,

the cavitation bubbles decay in time, so the longer the

period until the next shock wave, the fewer bubbles

are presented to decrease the energy. Therefore, as the

pulse rate frequency (PRF) increases, the number of

bubbles in the path increases. It has been shown that

increasing the PRF from 1.0 Hz to 1.8 Hz has a drastic effect

on shock wave energy [28]. Studies have showed that P+ is

not significantly reduced at fast rates, and only the negative

phase is affected [29]. The energy of the negative tail is lost

as a result of the growth of cavitation bubbles without

affecting P+ because micro-bubbles persisting between

pulses constitute a small volume of field. Also, air bubbles

may be created by the mechanical release of oxygen with a

much longer lifetime than cavitation bubbles.

3.3.4. Coupling quality

Cost reduction as well as modular and multifunctional

lithotripter designs have changed the ideal coupling of the

water bath of the HM3 lithotripter to coupling cushions,

making coupling quality a key factor in its success (Table 4).

Pishchalnikov et al. [30] demonstrated a linear negative

relationship between area occupied by air pockets and

shock wave efficiency. Using standardised air bubbles,

Bohris revealed that an 8% reduction in coupling area

resulted in 43% more impulses in order to retain fragmen-

tation [31]. Jain and Shah [32] examined different coupling

media, showing the best fragmentation for bubble-free

ultrasound (US) gel compared with low-viscosity silicon oil.

Bergsdorf et al. [33] demonstrated that lower viscosity and a

greater quantity of gel provided significantly better

coupling with respect to fragmentation. Neucks et al. [34]

found that applying US gel from a stock container as a large

mound was superior to hand or zigzag application from

squeezed bottles. Finally, the quality of water cushions can
in liquids surrounding stones and within microcracks or cleavage
at the corners of the stone and driven by squeezing waves along the
ulation according to a numerical model by Cleveland). Note the different
surface. *Blue = compressive phase; green = maximum shear stress
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Fig. 3 – Stress fields in the different stone experiments using a research
lithotripter patterned after the Dornier HM3 system (Sapozhnikov et al.
[12]). The maximal stress field (a) is little changed by blocking the
longitudinal wave entering the stone (e) or altering the distal end of the
stone (b,c,g). However, blocking the circumferential squeezing wave
alone (d) or preventing the creation of shear waves at the corners (f, h)
significantly reduces the intensity of stress.
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be important, as the membrane can be injured by gel or

cleaning substances.

3.3.5. Localisation and monitoring

Stones must be targeted effectively during the delivery of

shock waves. This targeting is difficult because respiratory

movement can carry the calculus out of the target zone.

Immobilisation by high-frequency ventilatory respiration

anaesthesia was clinically effective but too invasive.

Systems with respiratory belts and shock wave triggering

(Lithostar, Siemens, Erlangen, Germany) have been aban-

doned because of increased treatment time. Cleveland et al.

[35] demonstrated the impact of stone movement in an

experimental model in which a compression belt may
reduce respiratory movement of the kidney [7], and larger

focal zones reduce the number of impulses that miss the

stone. For lithotripters with smaller focal zones, real-time

coaxial US localisation represents the optimal alternative to

guarantee adequate coupling and localisation [5,31].

The debate continues as to which imaging system

provides the best localisation. Fluoroscopy is the first

choice because of the simplicity of isocentric C-arm systems

compared with the HM3 lithotripter’s in-bath converters

(Table 4). Theoretically, inline US is preferable because

sound and shock waves travel similarly through the body.

Because of acoustic deviation, lateral US may differ from

coaxial US (eg, Bohris et al found a 5-mm (range: 3–9)

deviation between coaxial/lateral US and fluoroscopy [36].

Duplex US, or acoustic tracking of cavitation, has been used

to monitor whether shock waves hit the stone and

fragmentation is progressing [37,38].

Automated fluoroscopic localisation (LITHOSKOP

[Siemens], Sonolith i-sys [EDAP TMS]) significantly reduces

x-ray exposure [18,26]. The Lithotrack system (Storz-

Medical)—part of the MODULITH lithotripter—minimises

radiation exposure through optical tracking [20], and the

correct position of the shock wave source can be controlled

using virtual reality without the need for fluoroscopy

(Fig. 4A). The LithoSpace lithotripter uses an acoustic tracking

system [39] adaptable to US as well as fluoroscopic devices

(Fig. 4B).

3.3.6. Impact of pulse rates

3.3.6.1. Experimental studies. Greenstein and Matzkin [40],

investigating increasing pulse rates at low and high energy,

found that at 2 Hz, 46% more shots were needed for a low-

energy setting as compared with 70% for a high-energy

setting, suggesting that more cavitation occurred in the

shock wave path at high energy levels. Reducing the PRF

from 120 to 30 shock waves/min resulted in a pronounced

decrease in particle size and an increase in particle surface

[41]. In vitro studies show that stone passage rates could be

improved from 25% for 2 Hz to 80% for 1 Hz [42]. Slowing

the delivery rate from 60 to 30 shock waves/min also

provides a dramatic protective effect on the integrity of

renal vasculature in a porcine model [43]. These findings

support potential strategies of reduced PRF to improve

safety and efficacy in ESWL [44].

3.3.6.2. Clinical studies. Low PRF prolongs treatment time

significantly and may lead to inconvenience for patients

not able to maintain a stable position. The analysis of seven

RCTs (n = 1235) suggests a better outcome at 60–80 shock

waves/min compared with 120 shock waves/min, most

obviously in stones >10 mm in diameter [45–51] (Table 5).

To detect significant differences in smaller stones is

problematic because the treatment end point is difficult

to determine with current imaging techniques.

3.3.7. Application mode

Both in vitro and in vivo studies show advantages in the slow

increase of generator voltage (‘‘ramping’’) during shock wave

lithotripsy [52]. Lower generator voltage results in less
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Fig. 4 – Navigation for stone localisation. (A) Optical tracking: A camera
system checks the position of the shock wave source arranged with an
isocentric fluoroscopic C-arm (Lithotrack). (B) Acoustic tracking: Sound
waves of six piezoelectric sources attached to the shock wave source are
tracked by six receivers attached to the localisation system, which was
calibrated previously. The focal zone is displayed on the screen
(SuperVision, AST).

Table 4 – Factors influencing the success of extracorporeal shock wave lithotripsy

Factor for success Options Specific modifications Advantages Comments/problems

Shock wave generation

and focussing

Electrohydraulic

with ellipsoid

reflector

Spark electrode Large focus Variability of pulses

One electrode per session

Twin heads Lower energy density Coupling from two

sites is difficult

Electroconductive No variability of pulses

40 000 shock waves

–

Electromagnetic Coil membrane

with acoustic lens

Extension of focal zone

by prolonged pulse duration

Advantage of larger focal

zone not clinically proven

Cylinder with

paraboloid reflector

Dual focus by different pulse

duration (ie, for renal and

ureter stones)

Advantage of dual focus not

clinically proven

Spherical element Very large focal zone Not available in Europe

Piezoelectric Spherical alignment

with two layers

Three focal sizes Advantage of triple focus

not clinically proven

Coupling of

shock waves

Water bath Complete (Dornier HM3)

Partial (EDAP TMS

Sonolith 2000,

Richard Wolf PiezoLith

2200)

Ideal coupling No multifunctional use

No longer manufactured

Water cushion Gel pad (abandoned)

Coupling gel

Multifunctional use 20% attenuation of shock wave energy

Warm ultrasound gel from container

High amounts on cushion

Shave skin of patient

Check quality of coupling

by inline ultrasound

Stone localisation Fluoroscopic C-arm

Inline fluoroscopy

Automated positioning Reduction of x-ray exposure Fluoroscopy first choice worldwide

Optical tracking Reduction of x-ray exposure Camera checks position of

shock wave source

Acoustic tracking Adaptation to external C-arm Five piezoelectric elements track

the position of the shock wave source

Inline ultrasound – Real-time shock wave application

Control of coupling quality

Difficult in obese patients and

midureteral stones

Lateral ultrasound Tri-mode localisation

system (isocentric)

– 5 mm tolerance (range: 3–9 mm)

to inline ultrasound
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pain; thus, patients can better accommodate to treatment

under intravenous analgesia. Pretreatment at lower voltages

reduces renal trauma by vasoconstriction [53,54]. Lower

shock wave pressure is also sufficient to initiate fragmenta-

tion. Higher energy is only required to overcome attenuation

and scattering effects by fragment collection. At lower energy,

less scattering occurs. A recent RCT was able to demonstrate

better stone comminution with a ramping strategy [55].

3.3.8. Importance of shock wave energy

As long as the threshold is exceeded, P+ plays a minor role in

stone disintegration, indicating that an overestimation has

been placed on P+ in the past [11,12]. Granz and Köhler [56]

had already found that focal shock wave energy represents

the relevant parameter for fragmentation. Based on this

conclusion, the concept of energy dose (Edose) was proposed

(Appendix D). Most authors refer to the power index (shock

wave intensity � impulses), but this equation does not

capture the width of the focal zone. The concept of effective

energy dose (Eeff at intensity level� impulses) does account

for spatial dependence of the acoustic field. In the absence of

a better metric, the energy delivered to the stone seems

reasonable for enabling comparison of treatment strategies

and the effectiveness of lithotripters: The success of ESWL at

different intensity levels remains the same when the number

of shots delivers an equivalent energy dose. The energy dose

for a stone 12 mm in diameter—Edose(12 mm)—can be
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calculated (Appendix C) if sufficient measurements on the

lithotripter have been made and the energy dose is compared

with outcomes from clinical studies [57–60]. Based on this

calculation, the following energy doses are recommended:

(1) renal stones: Edose(12 mm) = 100–130 J; (2) ureteral

stones: Edose(12 mm) = 150–200 J.

3.4. Shock wave–induced renal trauma

According to animal experiments as well as kidney

perfusion models [61–63], different dose-dependent mor-

phologic findings can be distinguished: Damage of renal

parenchyma primarily occurs at vessels and tubular cells.

First, venules in the medulla are damaged (grade 1 lesion),

followed by rupture of cortical arterioles (grade 2/3 lesion).

The mechanical genesis of the initial damage is poorly

understood, but hypotheses include tear and shear forces

with the microstructure of the tissue [64,65] or cavitation

activity in vessels. Zhong et al. [66] have shown that the

rupture of artificial vessels was the result of asymmetric

expansion of the bubbles along the vessel axis. Chen et al.

[67] have shown that bubble collapses in mesentery vessels

results in damage to vessel walls.

3.4.1. Cavitation-mediated tissue damage

Basic research reveals a differentiation between cavitation

and pressure-induced cell damage. Williams et al. [68]

found that 20–50% of cell lysis is produced by shock wave

pressure, depending on intensity. Once widespread cavita-

tion has started, it is generally accepted that it dominates

the tissue-damage process. For the HM3 lithotripter, it has

been reported that it takes about a thousand impulses in a

pig model for widespread cavitation to develop [69].

3.4.2. Clinical complications of shock wave lithotripsy

Besides renal injury, ESWL is not completely free from other

serious complications, such as gastrointestinal injury in

1.8% of cases, including colonic perforation or duodenal

erosions [70]. Matlaga et al demonstrated the potential for

shock waves to damage blood vessels outside the focal zone

when the vasculature is seeded with cavitation nuclei [71].

The wide distribution of damage in this study suggests that

the acoustic field of a lithotripter delivers negative pressure

exceeding cavitation thresholds far off the acoustic axis,

underscoring that conditions permissive for cavitation can

lead to dramatic sequelae. In contrast, in a large population-

based cohort of kidney stone formers, there was no

association between ESWL and the subsequent long-term

risk of hypertension [72].

3.4.3. Impact of energy flux density

Studies indicate that shear could be the initial insult leading

to vessel rupture [65]. In accordance with that idea, the

experiments of Bergsdorf demonstrated that energy flux

density represents the main parameter of shock wave–

induced tissue trauma [63]. Lesion scores only correlated

with energy density, not with negative shock wave

pressure. Using a clinical dual-head lithotripter (Duet,

DirexGroup, Wiesbaden, Germany) with alternating mode



Table 6 – Therapeutic recommendations for extracorporeal shock wave lithotripsy (energy level for the Siemens LITHOSKOP)

Stone size, mm Location No. of shock
waves

Energy level* Frequency,
shock waves/min

Comments

5–10 Kidney 3000–3500 Ramping: 100 shock

waves with Level 0.1–1

Afterwards, maximal level:

Lower calyx: 3.0

Upper and middle calyx: 3.5

Pelvis: 4.0

60 Check BP (maximum systolic

BP: 140 mm Hg)

Retreatment after 2–3 d

Ureter 3500–4500 No dose escalation (ramping)

Maximal Level:

Upper ureter: 4.0

Middle ureter: 6.0

Distal ureter: 8.0

Upper and middle

ureter: 90

Distal ureter: 120

Retreatment after 2 d

Minimal movement of

distal ureteral stone

10–20 Kidney Single stone: 3500

Multiple stones:

4000 (ie, 2 � 2000)

Ramping: 100 shock

waves with level 0.1–1

Afterwards, maximal level:

Lower calyx: 3.0

Upper and middle calyx: 3.5

Pelvis: 4.0

60 Check BP (max. systolic

BP: 140 mm Hg)

Start with the smallest stone

Retreatment after 2–3 d

Ureter 4500 No dose escalation (ramping)

Maximal level:

Upper ureter: 4.0

Middle ureter: 6.0

Distal ureter: 7.0

Upper and middle

ureter: 90

Distal ureter: 120

In case of no stent, start

at the upper rim

Minimal movement of

distal ureteral stones

BP = blood pressure.
* 8–117 mJ/impulse (measured by light-spot hydrophone).
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and respective reduction of applied energy density (17 kV),

Handa et al. [73] observed the same minimal renal lesions

compared with the HM3 lithotripter (24 kV). The impact of

an electromagnetic self-focussing source with a large focal

diameter, long pulse duration, and relatively low peak

pressure on renal parenchyma was studied experimentally

[25]. The kidneys showed no detectable injury. This result

supports a larger focal zone providing similar energy output

(correlated to fragmentation) but significantly less energy

density (minimising trauma).

We note that for a given shock wave source, energy

output and ED increase in parallel as the power level of the

lithotripter is increased. In systems allowing creation of

different focal zones, ED should be lower in larger focal

zones [20–23], although the clinical relevance of such

systems remains unclear. In summary, it is practically

impossible to increase energy and simultaneously reduce

energy flux density.

4. Conclusions

New theories for stone disintegration favour the use of shock

wave sources with larger focal zones. The use of slower pulse

rates, ramping strategies, and adequate coupling of the shock

wave head can significantly increase the efficacy and safety of

ESWL (Table 6). All urologists should be aware of new trends

and recent results in ESWL research.
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Appendix A. Acoustic Energy

The acoustic energy (E) of a shock wave pulse for

lithotripsy should be determined within an area corre-

sponding to the average size of urinary stones (ie, 12 mm).

Effective energy (Eeff(12 mm)) contributing to stone disin-

tegration can be defined as energy delivered to an area

12 mm in diameter in the focal plane. Eeff(12 mm) is

calculated by integrating energy flux density in the focal

plane over the area S equivalent to the time integral of the

pressure pulse followed by an area integral:

Eeff ð12mmÞ ¼ 2p=Z

Z r0

0

Z t2

t0
P2ðr; zo; tÞrdrdt
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where S is the 12-mm area in the focal plane. Because of the

axis symmetry of the shock wave field, it is sufficient to

measure the pressure along the x- or y-axis in the focal

plane to calculate the energy.

Appendix B. Energy Flux Density

Focal size corresponds to the location where peak

pressure P+ decreases to 50%. Energy flux density includes

the temporal pressure of the shock wave—both positive and

negative—in the focal plane. In an axis symmetric shock

wave field, energy flux density is determined by the

integral:

EDðrÞ ¼ 1=Z

Z t2

t0
P2ðr; zo; tÞdt;

where Z is the acoustic impedance of the transmission medi-

um and zo = 0 defines the focal plane. The location in the focal

plane is expressed by the radius r from the focal point to the

location (x,y), with the pressure P at this location. Energy flux

density can be considered the transmitted shock wave energy

at a specific location in the focal plane.

Appendix C. Detailed Description of the Results in the

Sapozhnikov et al Study [12]

Only one experiment supported the theory of spall-

ation: the crack occurred a third of the way proximal to

the distal end of test stones. Other findings, however, did

not support this (Fig. 3; [1]). Partial blockade of the

proximal surface (blocking the longitudinal wave) had

minimal impact on stone fragmentation, and (2) blocking

the lateral wave by a ring significantly lowered the

pressure field and disintegrative efficacy. Only one

experiment supported the theory of quasi-static squeez-

ing: A baffle ring at the proximal end significantly

inhibited stone fragmentation. Static squeezing was not

supported in the following experiments (Fig. 3): (1) A

conical stone shape significantly inhibited fragmentation,

and (2) complete blockade of the stone front significantly

inhibited fragmentation.

Appendix D. Energy Dose

The energy dose—Edose(12 mm)—is defined as:

Edoseð12 mmÞ ¼ n Eeff ð12 mmÞ

where n is the number of applied shocks and Eeff(12 mm) is

the effective energy—that is, the acoustic energy in the focus

per shock wave delivered to an area 12 mm in diameter.
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editors. Therapeutic energy applications in urology II: standards and

recent developments. Stuttgart, Germany: Thieme; 2010. p. 71–7.
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