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The authors have developed a lithotripsy system and measurement set-up for the study
of shock wave interaction with living tissues. The system consists of an electromagnetical
shock wave generator, focusing lens and capacitance pressure pulse measuring hydro-
phones. The shock wave pulse pressures obtained with this system can be changed up to
40 MPa (about 400 atm). An additional ultrasonic system enables measurements of the gas
bubbles generation, an important factor in the destruction process caused by cavitation.
Details of the system concerning the shock wave gencration, pressure field distribution,
pressure time dependence and measurement technique as well as its practical application
possibilities are discussed in the paper.

Autorzy opracowali system litotrypsera i uklady pomiarowe dla badan oddziatywania
fal uderzeniowych z zywymi tkankami. System zlozony jest z elektromagnetycznego
generatora fal uderzeniowych, ogniskujacej soczewki i hydrofonéw pojemnosciowych
umozliwiajacych bezwzgledne pomiary impulséw ciSnienia.

Cisnienia uzyskiwane za pomoca opracowanego systemu mogg osiagac¢ wartosci az do
40 MPa (okolo 400 atm.). Dodatkowy uktad ultradzwigkowy pozwala na pomiary generacji
pecherzykow powietrza, ktore sa istotnym czynnikiem w procesie niszczenia tkanek
powodowanym przez kawitacje. Szczegoly systemu generacji fal uderzeniowych, rozkladow
pol cisnienia, zaleznosci ci$nienia od czasu, technika pomiarowa oraz praktyczne mozliwos-
ci zastosowania systemu przedyskutowano w artykule.
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Introduction

Lithotripsy is becoming nowadays an important therapeutical means in the work
of many urological clinical centers. However, as it is a relatively new method,
mechanisms of shock wave interaction with living tissues are far from being known.
Many important practical problems have to be solved, especially those connected
with the dosage of this powerful technique. For the study of these problems the
authors have developed a lithotripsy system and a pressure pulse measurement
method.

1. The shock wave generator
The elaborated system consists of an Eisenmenger (electromagnetic) shock

generator [8] with a focusing lens [18]. Figure 1 presents the idea of the system. The
condenser C is charged through the rectifier D to a voltage which can be changed
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FIG. 1. The idea of the experimental lithotrypsy system

from U, = 17 to 25 kV. Then it is discharged through a plane coil L with a repetition
rate about 1 Hz. The coil is coupled through an isolating plastic foil I with the metal
membrane M. The high amplitude current pulse generates eddy currents in the
membrane. In this way a strong magnetic field is induced which causes a force
pressing the membrane in the opposite direction to the coil L. The membrane M is
coupled acoustically with a plastic focusing lens PL. In this way a plane wave
generated by the membrane is focused at the kidney stone S.

Figure 2 presents the shape of the high voltage pulse U and the shape of the
current pulse I. The frequency of the oscillations equals 98 kHz and the current
amplitude is equal to 10 kA.
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FiG. 2. Shapes of the high voltage U and current [ flowing in the coil

The diameter of the plane coil equals 140 mm. To obtain a high electric coupling
with the metal membrane, the coil was composed of four parallel windings of the
copper wire 0.6 mm in diameter. The number of turns was equal to 4 x 27. The
diameter of the wire was chosen taking into consideration the skin effect. The depth
of the skin effect layer [20]

sl LL/AI0T b 6.62/./f [cm] (1)
B 5 — =G = :
2n uf Cu,20°C
equals 0.2 mm for copper when f = 100 kHz, 0" denotes here the resistivity in Q cm,
J — frequency in Hz, u =1 is permeability for copper and aluminium.

In this way, using four instead of one winding, it was possible to decrease the
distance between the current carried by the wire cross-section and the metal
-membrane.

The distance between the coil and the membrane, depending on the thickness of
the insulating foil, was the next factor limiting the electrical coupling between the coil
and the membrane. Polycarbonate foil Makrofil N (Beyer AG) was used as insulating
material. Figure 3 shows the acoustic pressure in the form of our system as the
function of the thickness of the insulating foil. For reasons of electric strength we
chose a foil thickness ranging from 0.3 to 0.4 mm.



L. FILIPCZYNSKI, J. ETIENNE ET AL.

14

(AY 0Z = °n) senjea ainssard (sapeSou) puooses ay) pue (anisod)
1811 2yl Jo onel 2y} djousp syuiod JUSWLINSBIW Y] JB SI2QUINN
““p ssouoIYy) SuURIqUIAW () Wnununfe pue (n)) laddod jo uonouny e
SE SN20jJ 9Y) Ul painsesw (syun aanepar) "d ainssaxd onsnooy p 'OI

o §  [wwji“p ! 50 0,
L L T T | T T LA} T T T T T
£90 .
e < !
S90 g
v nJ 450
L, 870 .
|Ill||l|lll‘l.|lll.
m - z
| /1\ 590
T 950 -
/50 i
o

syun ajp)as

(AX 07 = °n)’p ssuaoryy q1oj Sunensur agy jo uonouny ©

SE SN20J 27} Ul paInseaw (sjrun danea1) ’d amssaid onsnooy ‘g "OIf

[wwi’p g0

S0

70

o

N

0

d

SHUN  3ARDIaL



AN EXPERIMENTAL LITHOTRIPSY SYSTEM 15

The next experiment necessary for optimization of the system was performed
with two types of membranes made of copper and aluminium. Figure 4 presents the
acoustic pressure obtained in the focus as the function of the membrane thickness. It
is difficult to explain this result depending on electrical and acoustical properties of
the membranes as well as on electrical and acoustical conditions in which they work.

Taking into consideration the obtained results we chose for our system the
aluminium membrane with a thickness of 1.35 mm. Aluminium shows an advantage
from the point of view of the temperature increase observed during the shock wave
generation. If the membrane diameter is constant, the following expression seems to
be decisive for temperature changes:

CP = (c,ed)(Ad)/\/ 2, (¥)

where ¢, denotes specific heat, d optimum thickness of the membrane, ¢ its density,
4 coefficient of thermal conductivity. The product in the first brackets is proportional
to the heat necessary to increase of the membrane, the product in the second
brackets is proportional to the heat flowing toward a cooling brass ring, coupled
mechanically with the membrane at its circumference. The last term in the
denominator corresponds to electrical losses which depend on the electrical
resistivity ¢f and on the skin depth £. The value of ¢* determines the thickness of the
membrane cross-section in which the current is carried. As ¢* is proportional to

\/Q—E (see Eq. (1)), one obtains in the result the form given in Eq. (2).

The higher the value of CP, the lower the temperature increase during the shock
wave generation. Inserting into Eq. (2) the corresponding coefficients [13] and
optimum values of aluminium and copper membrane thickness, one obtain the ratio
CP,,/CP, ~ 3.1t shows that the increase of temperature will be smaller in the case
of the aluminium membrane. Equation (2) is approximative as it does not take into
account the influence of the membrane electrical resistance on the generated pressure
value. However, Fig. 4 shows that the maximum measured pressure difference for
copper and aluminium membranes is not higher than 15%.

2. The pressure field

The wave produced by the metal membrane becomes distorted as it travels
throught the medium. In some distance called critical distance [2] the slope of the
pulse front becomes infinite, i.e., a discontinuity appears in the wave. The critical
distance for a plane wave equals [17]

x = o/fek (3)
where f = 1+ B/24, B/A — ratio of nonlinearity parameters (for water B/A = 5.4
[2], for various soft tissues B/A =5.5-11 [7]), ¢, — wave velocity for small

amplitudes, & = uy/c, — acoustical Mach number, u, = p/oc, — particle velocity at
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the wave source, p — Wwave pressure, o — shock parameter, k = 2nf/c,,
f — frequency of the wave.

One should take into account the fact that the wave frequency is in our case two
times greater than the frequency of the electric current in the coil shown in Fig. L.
This is caused by the square dependence of the generated pressure p, on the current
I carried by the coil [8]

p=il2 4)

This was confirmed by measurements of the half period time T/2 = 2.6 ps near the
pressure source (see Fig. 7) which corresponds to the frequency of 198 kHz.

Equation (3) can be transformed to the following expression used sometimes in
the literature:

X o= coa[(l +B/2A)—pL121rf:|—1 = oc3aT[n(2+B/A)p] ' =
QCoCo

=oc3a[n2+B/A)pf7'. (9

In the case of a focused wave, generated by a concave transducer. the critical is -
shifted by the distance [17]

AX = Z,exp(—x/z,) (6)

toward the transducer, z, denotes its focal length.

The focus should be situated near the critical distance to obtain the maximum
slope and, simultaneously, the maximum amplitude of the pressure pulse. According
to the paper [1], for shock parameters 1.6 > ¢ > 1 one does not observe any
significant decrease of the pulse amplitude and the front slope.

Assuming the pressure in focus equal to p’ =20 MPa and the gain (in linear
approximation) of the lens [19]

kr? =

~smill ()

4
P

where k = 27 f/c,, one obtains for shock parameters o = 1.6 and 1, for focal length
zo, = 20 cm, radius of the lens r = 7 cm, frequency f = 198 kHz, from Egs. (5) and (6)
the shift of the focus relatively to the critical distance. It is equal to x = 1 cm and
3 cm, respectively. These values seem to be acceptable since the — 6 dB drop of the
pressure along the lens axis occurs in the distance of 4 cm before the focus (see
Fig. 7).

To estimate the influence of the focusing lens on the pressure distribution and on
its maximum value, we applied the linear theory and the continuous wave
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approximation, neglecting the attenuation and internal reflections in our 1 cm thick
perspex lens. However, we took into account transmission depending on acoustical
parameters of the two media and on the incident angle of the acoustical rays. The
transmission coefficient was determined from Eq. [14]:

_ 2 owewcosay cos2oy

D,, =
TN gec.cosay

()
where

2
% e g O Cy COSQ

N =|-L) sina, sin2a,+cos? 20, + 2% L 9)
c; 0..Cp COSOy,

@, 0w denote, respectively, the density of lens and water, c,, ¢, — velocity of
longitudinal and transverse waves in lens, ¢, — wave velocity in water, o —
incident angle of longitudinal wave, «, — reflection angle of the transverse wave in
lens, oy, refraction angle of the wave in water.

The calculated values of D as the function incident angle a, is shown in Fig. 5.

D
e
04 \
az
| : FIG. 5. Transmission coefficient D, , on
the concave boundary perspex water
g b iting piapryviaeess of (AN et of the lens. o, — incident angle of the
0 5 30° 45° 60° 75° 90° (a,] longitudinal wave

Basing on the paper [19], the axial distribution of the pressure could be
computed for the spherical lens taking into account the transmission loss on this
concave boundary. The maximum pressure and the focal length depend strongly on
the frequency as shown in Fig. 6. Hence one can conclude that the sharper the shock
wave pulse, the higher the gain of the lens.

2 — Arch. of Acoust. 1-2/89
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FIG. 6. Pressure distribution along the lens axis computed for various frequencies of the continuous wave.
p — axial pressure m relation to the pressure on the planc lens surface (linear approximation)

3. Pressure measurements

The value of the acoustic shock wave pressure, its time and special distributions
are very important factors for the therapeutic effect. Measurements of these
parameters are possible by means of piezoelectric hydrophones made of thin plastic
layer PVDF. However during our experiments we have found that this hydrophone
was distroyed in a short time as a- result of high pressure shock wave pulses.
Therefore we decided to adapt for pressure measurements the absolute capacitance
transducer method which was introduced in 1966 for measurements in solids [10, 11]
and then for dosage determination in ultrasonic diagnostic devices [12].

The idea of this hydrophone is shown in Fig. 7. The ultrasonic pulse P penetrates
the boundary water-metal plate and then it is totally reflected from the second
boundary between the metal plate and air. Vibrations of this boundary change the
capacitance C, which is formed by the second metal boundary and the electrode.
The electrode is polarized with the d.c. voltage E, through a high value resistance R.
In this way the electric charge in the capacitance C, remains constant while its value
changes due to boundary vibrations. Hence the electric voltage on the capacitance
C, changes, too, giving the output signal e. It is easy to show that the pressure of the
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incident wave can be determined from the formula

_Q4Catowtw Co—i-C’i(l e,
> - Cott EsRIC,

(10)

iC},-I—C’
E, G,

where ¢ ,c, and ¢, c,, denote acoustic impedance of the metal plate and of water (the
acoustic properties of water, the wave velocity ¢ and density ¢ are almost the same as
soft tissue), C, — electrode capacitance, C' stray capacitances, d, — air gap
thickness, E, — polarizing d.c. voltage, e, — voltage on the output of an additional
differentiating circuit with time constant R,C,, ¢ — displacement.

Figure 8 presents a typical result of measurements with the capacitance
hydrophone recorded on the plotter. The lower curve is the signal e on the
transducer output before differentiation. It is proportional to the displacement of
¢ the medium particles. Important are the first 2 microseconds after the initial pulse.
Later one obtains many internal reflections inside the transducer which form
a complicated pattern due to interferences. The upper curve shows the same signal
after diffraction. It represents the velocity u-of the medium particles and after
multiplication by the parameters shown in Eq. 7 it is equal to this pressure.

¢/do €1 or <1, (11a,b)
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The great advantage of this transducer is the linearity of its metal [9] and the fact
that its sensitivity can dlrectly determined according to Eq. (11) from electrical
measurements. The comparison of pressure peak values obtained by means of this
transducer and the PVDF hydrophone did not show a difference greater than 3%. In
the focus we obtained a pressure equal to 20 MPa for the d.c. voltage U, of 20 kV
charging the capactor C in the electric generator (see Fig. 1).

The measurements of the field distribution were carried out by means of the
capacitance hydrophone with an electrode diameter equal to 2 mm. For the front
plate of the hydrophone we used steel 10 mm thick. Therefore, it was possible to
measure the acoustic field distribution in the case of plane waves only. However, in
the vicinity of the focus the wave is plane as it can be seen from our measurements
performed in the case of focused ultrasonic beams used in diagnostic ultrasonic echo
methods (Fig. 9). Similar results were obtained in optics by calculating field
distributions in the focal region [14].

' oa8 -6 2| -8 -z |-30
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Fi1G. 9. Iso-echo-amplitude curves of the ultrasonic beam radiated by the ultrasonograph UG-4. The y axis
is 2 times englarged when compared with the x-axis. Frequency 2.5 MHz, transducer radius 1 cm [12]

The results of our measurement of the pressure distribution along the lens axis
are shown in Fig. 10. Outside of the focus, where the wave is no more plane, the.
measurement results may not correspond to the true pressure values. For instance, in
the distance of 5 cm for the electrode radius of 1 mm the external acoustic ray,
coming from the lens, will be shifted by 0.25 mm passing the aluminium plate.

This may cause an error which decreases with the distance. Therefore the dotted
line in Fig. 10 representing the pressure distribution measured along the longitudinal
axis is an approximative one. The length of the focus measured on the — 6 dB level is
equal to 83 cm.

The numbers at the. measurement points denote the duration time of the first half
period of the propagation pulse. At the distance of 5 cm it was equal to 2.6 ps
corresponding to the frequency of 198 kHz. With the distance the pulse became
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FiG. 10. Pressure distribution along the longitudinal axis of the lens measured with the capacitance
transducer (U, = 20 kV)

distorted and we measured in this case the duration time between the first zero
crossing points. In the focus it was equal to 0.3 ps and the rise time — 50 ns.
However, in fact the rise time may be shorter since this was the sampling period of
the digital oscilloscope used in measurements.

Figure 11 presents the measured pressure distribution in the focus perpendicular-
ly to the direction of the shock wave propagation. The focus in this direction is about
10 times shorter than in the longitudinal one. Its width measured on the — 6 dB
equals 8.5 mm.

pﬂ r
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Fic. 11. Pressure distribution in the focal plane (U, = 20 kV)
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We have compared our measurements with the results obtained recently by other
authors in other lithotripsy systems and have found similar pressure field dis-
tributions [3, 16, 18].

Figure 12 presents the measurement results of the pressure in the focus of our
system as a function of the d.c. voltage U, charging the condenser C (Fig. 1). The

40 L
Pa

[MPall

30

20 ; /

7
"

o 5 20 U, [kV] 25

F1G. 12. Pressure measured in the focus as the function of the d.s. voltage U,

pressure p increases much more quickly then with the square of the voltage U,,. Since
the current [ in the coil is proportional to U, Eq. (4) suggests a square dependence.
However, due to nonlinearity at higher voltage U, the pulse becomes sharper and
then the spectrum contains more high frequency components thus increasing
considerably the gain of the lens. This follows directly from Fig. 6.

The highest pressure obtained in the focus equals 38 MPa. Decreasing the focal
length of the lens from z, = 20 cm to 15 cm, one can obtain a pressure increase of
about 10% as it follows from Eq. (7).
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4. Possible applications

The authors have performed experiments with kidney stones “in vitro” to
demonstrate some possibilities of the developed system.

Figure 13a shows the laboratory perspex vessel used in experiments. The coil,
insulating foil membrane and the lens are placed at the bottom of the vessel. In the
middle one can see a kidney stone in a special holder immersed in water. The stone is
placed in the focus of the lens at the distance of 20 cm.

Figure 13b shows the same container with the same kidney stone, however, after
the first five shock wave pulses. One can see here the efect of the shock waves on the

Fi1G. 13. The laboratory vessel with the kidney stone placed in a special holder (a) and after 5 shocks (b)

stone. The stone begins to be destroyed; one can observe the powder of the stone,
caused by erosion, falling down. After the next 22 shocks the stone breaks into pieces
(Fig. 14a). Figure 14b shows such a piece treated with the next 25 shocks. One can
notice apart from very small pieces also powder.

From the pressure field measurements one can conclude that even if the focus of
the lithotripsy is placed in the center of the kidney stone, there will be in the kidney,
before the stone, a long almost cylindrical space exposed to very high pressures (see
Fig. 10). It may cause some damage effects in the living tissues.

The main factor causing possible harmful effects in the tissue seems to be
cavitation. The collapsing bubbles develop pressures which have been measured to:
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al g ek b)

FiG. 14. The disintegrated stone after the next 22 shocks (a), one piece of the stone after the next
25 shocks (b)

achieve values as high as 300 MPa. Thus cavitation must be considered as an
important factor in tissue damage. Although the total energy of the cavitation
process is small, the concentration of this energy into a very small volume results in
an enormous energy density, producing such very high pressures and high
temperatures within the collapsing cavities [4].

In this situation knowledge of the gas bubble generation in the lithotrypsy system
seems to be very important for the study of the possible damage process in soft
tissues. For this purpose we have introduced into the described system an additional
echoscope (Fig. 15). It makes it possible to observe the gas bubble generation,

BE
£

FiG. 15. The system for the gas bubble study.
S — tested space, S — tested space with gas
bubbles or with biological specimen. B — gas
; bubble, BE — bubble echoes, T — transducer,
M E — echoscope, P — pressure pulse, PL — plas-
tic lens, M — membrane, I — insulating sheet
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measurements of their life time to observe their growth and collapse under the action
of shock wave pulses and to determine their density and size, if possible. Figure 16
presents as an example an echogram of gas bubbles were generated in water by the
shock wave pulse of 20 MPa pressure.

There is of course the question whether cavitation can exist “in vivo” in the case
of very short stress pulses and if it can produce damage to the living tissue. Recently,
it has been demonstrated that the shock wave pulses used in lithotripsy can really
produce “in vivo” acoustic cavitation in the blood vessels of pigs [5]. Also
haemorrhages in all kidney structures in dogs could be shown [6]. Thus changes
were dose-dependent.

FiG. 16. Echogram of gas bubbles generated by the shock wave pulse of 20 MPa pressure. Transducer
frequency — 3 MHz

In this situation one can conclude that it is important and necessary to study all
the biological effects which are caused by high pressure shock wave pulses in tissues.
Only by collecting many experimental data from this type of research can one
elaborate dosage rules. It is necessary to answer the question what is the highest
permitted pressure value, its duration time, its shape, positive and negative
components, repetition period, therapy time and other factors to eliminate or to
decrease the possible harmful effects in the patients treated with this powerful new
therapy technique.
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5. Conclusions

The developed system can be used for the study of biological effects caused by
shock waves at high pressures. The values of pressures and their spatial distributions
and time dependence correspond with those used in lithotripsy. This could be
confirmed experimentally by destroying several kidney stones “in vitro” too. Thus
the described system after some adaptations can be used as the main part of
a lithotripter for clinical applications.

The applied capacitance hydrophones were verified experimentally in shock wave
measurements at very high pulse pressure levels with no sign of any serious damage.
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