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Determination of the energy-dependent extent of vascular damage
caused by high-energy shock waves in an umbilical cord model
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Summary. To determine the spatial extent of shock-wave-
induced vascular damage human umbilical cords were
exposed to electromagnetically generated, focused ultra-
sound waves of different energy densities. During treat-
ment macroscopically visible hematoma and superficial
holes appeared. Following exposure specimens were fixed
and examined histologically. In addition to vessel wall
necrosis and rupture, complete detachment of endothelial
cells in defined regions was observed. A correlation of the
extent of the damage with the energy density distribution
revealed that a local energy density of 0.3 mJ/mm? is the
lower threshold for the occurrence of severe vascular
damage.
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High-energy shock waves (HESW) are routinely used in
medical treatment for the disintegration of renal, ureteral
or gallbladder stones [10]. In the last few years HESW
have been applied to tumor cells in vitro and tumors in
vivo to study the possibility of tumor treatment with the
help of HESW [2, 9, 11, 12]. In particular, combined
treatment with biological response modifiers (e.g. tumor
necrosis factor alpha, TNFo) seems to be a promising new
therapy modality; complete tumor regression was ob-
tained in some xenograft models [8]. The reason for this
synergistic effect is not known, but vascular damage is
probably involved [13]. Hoshi et al. [5] and Brendel et al.
[1] showed that HESW as a monotherapy induces vascu-
lar damage which may promote tumor necrosis. Recently,
Smits [13] showed that vascular effects are more pro-
nounced if shock waves are combined with TNF. There-
fore, detailed knowledge about HESW-induced damage
to the vascular system is of major interest in order to
achieve a better understanding of the interaction between

Correspondence to: Dr. P. Steinbach

HESW and tissue. This ultimately lead to the develop-
ment of the most effective tumor therapy modalities. The
same knowledge may also help to prevent side effects in
conventional lithotripsy.

In the present study we analyzed HESW-induced
vascular damage in an umbilical cord model that allows
an exact determination of the spatial extent of damage and
its correlation with the given physical shock wave parame-
ters (i.e. energy density distribution). As it is possible to
give an energetic threshold for the occurrence of severe
vascular damage these results may well be of some
importance concerning the safety of stone treatment.

Materials and methods
Umbilical cords

Human umbilical cords were clamped immediately after birth with
the native blood inside the vessels. Until required for the study they
were refrigerated at 8°C in 0.9% saline for 2-8 h. Coagulation of
the blood could not be prevented completely but when removing
the clamps after treatment a large amount of liquid blood ran out
of the vessels. Occasional cultivation of endothelial cells according
to the method of Jaffe et al. [6] was taken as an indicator of cell
viability,

The use of immediately clamped umbilical cords should prevent
the introduction of artificial cavitation nuclei and therefore resemble
the in vivo situation at least from this point of view. As this seems to
be of some importance we preferred the model system just described
despite some obvious disadvantages (poorer reproducibility as
compared with in vitro systems employing cultivated endothelial
cells, inability to prevent completely the coagulation of blood).

Shock wave treatment

Shock waves were generated by an electromagnetic shock wave
source kindly provided by Siemens (Erlangen, Germany). The
source and lens are identical to those in the commercially available
Lithostar Plus. Briefly, at the focal position positive pressures range
from 20 to 60 MPa, and negative pressures from 5 to 10 MPa. With
increasing distance from this point the shock wave parameters
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Fig. 1. Energy density distribution in the focal
plane perpendicular to the acoustical axis (dia-
gram provided by Siemens Company, Erlangen)
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Fig.2. Schematic view of the experimental set-up used to expose
umbilical vessels to shock waves

change and the corresponding energy density decreases markedly
(Fig. 1). For further details see Folberth et al. [3]. Shock wave source
and lens are directly coupled to a 35x35%x35cm?® water bath
equipped with a thermostat. Exposure was performed in water at 8°
C with the clamped umbilical cords perpendicular to the acoustical
axis as shown in Fig. 2; focussing was performed on one of the three
umbilical vessels by means of two crossing laser beams marking the
focal point.

Two thousand pulses with focal energy densities of 0.2 (energy
level 1), 0.4 (energy level 6) or 0.6mJ/mm? (energy level 9) were
administered. The pulse repetition frequency was 2Hz. After
treatment the position of the focus was marked with a piece of thread
stitched carefully through the outer periphery of the umbilical cord.

Histologic sections

Specimens were fixed in 10% phosphate buffered formalin for at
least 12h and cut into 5 mm slices, the stitch being in the center of

one slice (= focal slice); from each side of the focal slice three further
slices were prepared. All slices were embedded in paraffin and 5 pm
sections were stained with hematoxylin and eosin. The focal slice was
routinely cut into 30-50 equally spaced sections. Where necessary,
neighboring slices were treated identically. All sections were ana-
lyzed microscopically for defects of the exposed vessel to determine
the spatial extent of damage.

Results

Macroscopically visible hematoma (Fig. 3a) always oc-
curred after treatment with energy level 9, and in 6 of 12
cases after exposure to energy level 6. In addition to these
subepithelial lesions, in many cases we found small (about
lmm in diameter) superficial holes (Fig.3b). These
occurred either at the entrance or the exit site of the shock
waves. No clear-cut correlation with the direction of the
ultrasound beam could be detected. No macroscopic
defects were visible after treatment with energy level 1.

On a microscopic level hematoma was associated with
vessel wall necrosis (Fig. 4a) or even rupture of the wall
(Fig. 4b). In addition to these gross effects it was obvious
that endothelial cells were missing in distinct areas along
the intima as demonstrated in Fig. 5. This was common to
all sections where any definite indication of HESW-
induced damage could be detected. Therefore, this was
taken as the most characteristic lesion and was thus
evaluated quantitatively with respect to its spatial dimen-
sion.

The line of missing endothelium around the perimeter
of the vessel was strongly dependent on the applied focal
intensity. Similarly, the expanse along the vessel, i.e. in
longitudinal direction, was governed by the focal energy
density (Tablel). Tt is interesting to compare the two
different areas of damage (at energy levels 6 and 9) in
longitudinal direction with the respective intensity distri-
bution curves. At energy level 6 the damage extends up to
the point x; =0.85 mm; at energy level 9 the distance is x, =
2.25 mm, as shown in Table 1. Comparing the values of the
energy density distribution of level 6 at x; and of level 9 at
x; we find 0.3 mJ/mm? in both cases. Thus this value can
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Fig.3a,b. Macroscopically visible shock-wave-induced lesions: a
hematoma; b superficial hole. For details see text

Fig.4a,b. Shock-wave-induced defects of the vessel wall: a vessel
wall necrosis; b rupture of the wall. (Objective magnification x10)

Fig.5a,b. Characteristic lesion after shock wave treatment: g intact
endothelium (far outside the focal area); b intima without endotheli-
um after treatment with a local energy density exceeding 0.3mJ/
mm?. (Objective magnification x40).

be termed the absolute energetic threshold, as it is the local
intensity below which no HESW-induced damage oc-
curred in our model system. This explains the absence of
damage after treatment with energy level 1, where the
maximum, i.e. focal, intensity is only 0.2 mJ/mm?.

Discussion

The primary aim of the present study was the determi-
nation of the spatial extent of damage to intact human
vessels and its correlation with physical shock wave
parameters. For the first time (to the knowledge of the
authors) an exact area of shock-wave-induced vascular
damage with respect to the applied energy density distri-
bution could be determined. Based on these data an
absolute energetic threshold (i.e. the value of the local
energy density) for the occurrence of shock-wave-induced
damage could be defined. Energy density is a physical
quantity that can be defined independently of a specific
shock wave source. Thus, these results should be appli-
cable to other apparatus with different focal areas if the
physical parameters of the pulses (e.g., rise time, peak
height, negative pressure) are comparable. This restric-
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Table 1. Frequency and extent of HESW-induced vascular damage
after exposure to 2000 shock waves of various focal energy densities

Focal No. of Extent of Endothelial

intensity umbilical endothelial lesions around

(mJ/mm?) cords lesions in the  the perimeter
showing  longitudinal of the vessel
vascular  direction (% of perimeter)
damage (mm)

0.2 (level 1) 0/10 -~ -

0.4 (level 6) 7/13 1.7+0.8 (n=5) 24+15

0.6 (level 9) 9/9 45+13(m=8) 60+30

All values are the mean + SD; they are significantly different at the
P <0.05 level (t-test);
n, Number of umbilical cords used for quantitative evaluation

tion has to be made unless it is known whether or not these
parameters affect tissue damage. As far as the destruction
of concrements is concerned it has been shown by Kéhler
et al. [7] that peak height and pressure rise time have no
influence on the fragmentation efficacy, but correspond-
ing data do not exist for tissue.

Knowledge of the spatial dimension of a specific
HESW-induced lesion may have an impact on the future
treatment modalities of a larger tumor. If its size exceeds
the range of the effective shock wave energies a scanning
system should be applied. The results of the present study
should be taken as a basis for extending these type of
studies to tumors in vivo. In particular, in the latter case a
distinction will need to be made between primary shock
wave effects (that would be comparable to the effects
presented here) and secondary effects (due to the reaction
of the tumor-bearing organism to the primary damage).

The most characteristic primary lesion occurring in
our model system was the complete detachment of
endothelial cells in an area exposed to local energy
densities higher than 0.3 mJ/mm? In an in vivo system
this defect would cause thrombosis, probably resulting in
occlusion of the vessel. In a tumor vessel hypoxia and
ultimately death of tumor cells may result. This is in
accordance with an increased sensitivity of strongly
vascularized tumors to HESW [13]. The highly synergistic
effect of shock waves and TNF may be explained by
enhanced damage to the tumor vascularization. The cause
might be the direct cytotoxic effect of TNF to endothelial
cells [13]. However, to gain a better understanding of
these phenomena an analysis of endothelial damage at a
cellular level would be of major interest. Such experiments
are currently in progress in our laboratory.

Little is known about the physical mechanisms under-
lying tissue and vessel damage. Direct, cavitational or
streaming effects may be considered. Direct effects are
mechanical forces due to the particle velocity and dis-
placement during the propagation of a longitudinal wave.
They will be particularly effective at a boundary layer
between materials of different acoustic impedances [14].
In the present case this would mainly be the layer of
endothelial cells between the blood (impedance =

16.6x 10°kg/m?s) and the vessel wall (impendance =
15.6x10°kg/m?) [4], which is in accordance with our
experimental results. Cavitational effects occurring within
the liquid (i.e., blood) might damage the endothelial cells
and the vessel wall as a result of the emission of secondary
shock waves, high-speed jet streams or formation of
radicals. However, the loss of endothelial cells might well
be explained by mechanical effects alone. HESW-induced
streaming arises due to the propagation of a pressure wave
in a viscous medium (in this case blood). As a result of
friction, damaging forces might act on the endothelial
cells leading to their detachment.

Any of the abovementioned effects alone or in any
combination could be the cause of HESW-induced vascu-
lar damage. Further experiments are required to achieve a
better understanding of the interaction between shock
waves and tissue.
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