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PERSPECTIVES

Biological effects of tandem shock waves demonstrated on

magnetic resonance

Benes J!, Zeman J', Pouckova P!, Zadinova M', Sunka P2, Lukes P?

Institute of Biophysics and Informatics, First Faculty of Medicine, Charles University in Prague, Prague,
Czech Republic. jan.zeman@]If1.cuni.cz

Abstract: Objectives: The shock wave is used for the treatment of kidney stones, eventually of gall stones, for
more than 20 years. It is a pressure wave, which breaks through soft tissues easily and it is possible to focus it
into a small volume. The excellent results of the treatment of concrements led to considerations about another
usage of the shock wave. The research is now concentrated on the possibility of the damage to tumour tissues.
Methods: In contrast to concrements tumour tissues are not different from healthy tissues as for their acoustic
attributes. That is why a new source of shock waves was used in this work. The source allows generating two
successive shock waves focused into a common focus, so-called tandem shock waves. The biological effects
of the tandem shock waves generated by the new source on rats hepatic tissue and rabbit femoral muscle in
vivo were studied in this work. The damage is demonstrated by magnetic resonance imaging.

Results: MR images showed tissue damage in focus. There was damage of the liver tissue, muscle and also
stomach wall.

Conclusions: We found that the tandem shock waves are able to damage the acoustically homogeneous soft
tissue in the focus, i.e. in the depth. In tissues in front of the focus, there is, however, no damage (Fig. 10, Ref. 15).
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The outcomes achieved in the concrement disintegration (2,
6-8) initiated a research of a further use of shock waves in medi-
cine. The attractiveness of shock waves results from the fact
that they are the only form of energy penetrating through tissues
(without damaging them up to a certain threshold) and are able to
concentrate energy into a small volume (3, 4). The shock waves
are used in orthopaedics for the treatment of insertion syndromes
and the main interest is in the field of their use for destruction of
cancer tissues (5). In contrast to concrements, which have acous-
tic impedance different from that of surrounding soft tissues, the
cancer tissue is essentially not different from the healthy tissue in
acoustic properties. Generators of shock waves for the destruction
of concrements were developed with the aim to minimize side ef-
fects and thus, they cause nearly no damage to soft non-aerated
tissues (9). Thus, a new generator of shock waves was developed
at the Institute of Plasma Physics. The new generator is based
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on a concept that if a local effect of the shock wave should be
achieved in an acoustically homogeneous environment, then either
the effect of cavitations should be used or two successive shock
waves should be generated (10), where the first one produces an
acoustic non-homogeneity and the second one is damped in this
non-homogeneity (1, 9, 11, 12). The principle of the shock wave
generation by the new source is based on a multichannel develop-
ment, i.e. if a composite electrode is situated in strongly conduc-
tive water, many discharge channels are produced in this medium
(13, 14). This multichannel generator was used to verify effects
on erythrocytes, lymphocytes and cancer cell lines. After an in
vivo exposure of solid tumours, the destruction was histologi-
cally demonstrated. In this approach, it is necessary to document
the damage in the depth at a particular site, provided that surface
structures of tissues, which are shock waves passing through, are
not damaged. Given the fact that cancer tissues and healthy soft
non-aerated tissues are not considerably different one from another
in terms of their acoustic characteristics, we employed imaging by
magnetic resonance and exposed the rat liver and rabbit femoral
muscle in vivo. The aim of this was to use the imaging technique,
and subsequently after dissection the histological examination, for
the demonstration of the deep selective damage at a defined site.

Material and methods
Generator

The formerly developed shock wave generator was used, in
which two cylindrical pressure waves are directed to a common
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focus with the help of a metallic parabolic reflector. The second
shock can be generated with different time delays after the first
one. The concept of tandem shocks is necessary to achieve the lo-
cal action on the acoustically homogeneous environment (as e.g.
soft tissue). The first shock produces acoustic non-homogeneity
and cavitations in the tissue and the second shock is dissipated
in them. Collapsing cavitations produce secondary short-wave
shocks, which are capable of interaction with cell-sized formations.

The generation of focused tandem shock waves is based on
focusing of cylindrical pressure waves produced in a multichan-
nel discharge on a composite anode in highly conductive water.
The composite anode consists of cylindrical electrodes of stain-
less steel (A2 — & 60x70 mm, Al — & 77x20 mm) coated with a
thin layer of porous ceramic material applied on the anode surface
by the plasma spraying technology. Because of differences in the
conductivity and permittivity between water and the ceramic layer,
the intensity of the electric field on the anode surface is many times
higher compared with the bare metallic electrode of the same di-
mensions. In the highly conductive solution, many short (less than
1 mm in length) discharged channels are produced. They are almost
homogeneously distributed on the anode surface. Every expanding
discharged channel forms a hemispherical pressure wave and the
superimposition of all these waves results in a cylindrical pres-
sure wave propagating from the anode surface. Cylindrical pres-
sure waves are focused by a metallic parabolic reflector (cathode)
and transformed to the shock wave in the vicinity of the focus.

Experimental procedures

Six Wistar strain rat males from the company ANLAB s.r.o.
and laboratory rabbit were used in the experiment. Rats body
weight was of 280—300 g and they were fed with the ST1 diet.
Rabbit body weight was 3100 g. The exposure to shock waves
was performed under anaesthesia. Thus, the rats and rabbit were
narcotized with intramuscularly administered solution of Narka-
mon and Xylazin. The solution was prepared as follows: 2 ml of
Narkamon per kg of body weight, 0.7 ml of Xylazin and 2.3 ml
of water for injection. The rat was depilated in the region above
the liver, fixed in a special holder and situated in the experimental

device with having its liver in the focus. The rabbit was depilated
onthe hind leg and situated in the experimental device with hav-
ing its femoral muscle in the focus. Tandem shock waves were
applied at two-seconds intervals for rats and one and half-second
intervals for rabbit for a period of 30 min. This corresponds to
900 shocks for rats and 1800 shocks for rabbit in the focus area.
After the exposure to the shock waves, the rats and rabbit were
transferred to NMR scanning.

MRI scanning

MR images of rats were obtained using a 4.7T Bruker Biospec
spectrometer equipped with a commercially available resonator
coil (Bruker, Germany). We used a standard T2*-weighted gra-
dient echo sequence, repetition time TR = 80 ms, TE = 3.4 ms,
slice thickness =2 mm, FOV = 6 cm, and matrix 256 x 256. Dur-
ing MR examinations, the rats were anesthetized by spontaneous
breathing of isofluran (Foran, Abbot, Czech Republic). For induc-
tion, a 3% concentration of the anesthetic in air was used, and a
1-2 % concentration was used for maintenance. MR images of
rabbit were obtained using a MR tomograph Siemens Magnetom
Trio 3 T. We used repetition time TR = 642 ms, TE = 20 ms and
slice thickness = 2 mm. Rabbit was anesthetized by the solution
of Narkamon and Xylazin.

The scans were obtained on the first, third and seventh days
after the exposure to shock waves. The dissection was performed
on the seventh day after the exposure.

Results

Here, we show MR images of two rats and rabbit.

n axial scans of the first rat (Figs 1, 2 and 3) the arrow indicates
the site of the damage produced in the liver region. The damage is
situated in the posterior part of the liver and partially also involves
the stomach wall. The lesion became clearly visible on the third
day together with a huge artefact caused by a blood clot which
remained between the lobes.

On the seventh day after the exposure, the rat was dissected.
According to MRI scans, we located the damage and obtained its

Fig. 1. MRI scan 1 day after the exposure, the Fig. 2. MRI scan 3 days after the exposure, the Fig.3. MRI scan 7 days after the exposure, the

first rat. first rat.
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Fig. 4. The stomach of the first rat with detectable thinner wall and
vaulted contents.

photo of the posterior wall of the liver with a lesion. In Figure
4, the adjacent stomach wall is shown, in which the damage can
also be seen, the stomach contents being moderately vaulted and
the wall thickness being moderately reduced. It is loosened on the
inner side. These findings correspond with MR scans. We did not
find any other damage.

In Figures 5 and 6 there are MRI scans of the second rat ob-
tained 1 and 3 days after the exposure. A lesion can be seen in the
anterior part of the liver. The bounded lesion was detectable dur-
ing all the MR sessions.

On the seventh day after the exposure, dissection was carried
out. In the liver, we found a lesion, the location of which cor-
responded to MRI scans. This lesion was sharply delimited. We
did not find any other damage. The liver with the visible lesion is
shown in Figure 7.

Figures 8-10 show MR images of rabbit femoral muscle.
Femoral muscle was selected the one leg served as experimental
and the other as control. Experimental leg is shown in all pictures
on the right side. It can be seen that the soft tissues of the femoral
muscle are injured due to the shock wave (arrow). In the focal point
haematoma developed and around it an oedema is visible. Con-
trol leg is without damage. Imaging was carried out 1 (Fig. 8), 3
(Fig. 9) and 7 (Fig. 10) days after the application of a shock wave.

Scanning and subsequent dissection demonstrated the fact
that the shock wave damaged soft tissues. The damage occurred
in the region of the focus, and structures above the focus were not
damaged. Thus, the shock wave did not damage the soft tissues
in front of the focus.

Fig. 5. MRI scan 1 day after the exposure, the Fig. 6. MRI scan 3 days after the exposure, the Fig. 7. A detailed photo of the damaged liver

second rat. second rat.

lobe, the second rat.

Fig. 8. MRI scan 1 day after the exposure, Fig. 9. MRI scan 3 days after the exposure, Fig. 10. MRI scan 7 days after the exposure,

rabbit. rabbit.

rabbit.
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Discussion

In our experiment, we used a new source of shock waves based
on the multichannel discharge in composite anode pores. Due to
the fact that the anode is divided into two parts, it is possible to
generate tandem shock waves, which are two shock waves subse-
quently delivered with a short time delay. Thereafter, interaction
between the two shock waves occurs in the focus. The second
wave comes into the environment with acoustic non-homogeneities
produced by the first wave.

The damage occurred in all experimental animals. The experi-
mental results indicate that tandem shock waves generated by the
new source are able to damage soft tissues in the focus, i.e. in an
acoustically homogeneous environment. MR images show, that it
can damage hepatic tissue, stomach wall and femoral muscle. The
damage is appropriately delimited and the tissues before the focus
remain without any damage. The focal point is deeper under the
surface. Shock wave penetrates through the structures before fo-
cal point without damage and damage occurs in focal point. The
first shock produces acoustic non-homogeneity and cavitations
in the tissue and the second shock is dissipated in them. Collaps-
ing cavitations produce secondary short-wave shocks, which are
capable of interaction with cell-sized formations. It leads to cell
damage in focal point. We can observe it on MR images. During
the following days the tissue regenerates. These results support the
formerly performed experiment by Benes et al. (2007).

Magnetic resonance imaging seems to be a suitable tool for
lesion monitoring, however, attention should be paid to artifacts
caused by possible blood clots, which can migrate into the abdomi-
nal cavity and mask the real extent of the lesion.

Conclusion

The target of the presented experiment was to establish in vivo
effects of the new shock wave generator on soft tissues. For this
purpose, we used six laboratory rats and one rabbit. The tandem
shock waves were applied in such a way that the focus was in the
liver area and in femoral muscle.

We found that the tandem shock waves are able to damage the
acoustically homogeneous soft tissue in the focus, i.e. in the depth.
In tissues in front of the focus, there is, however, no damage. The
lesions were detected on MR scans as well as during the dissec-
tion. The effects should also be supported by further experiments.
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