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Abstract—Despite considerable knowledge about effects of extracorporeal shock-wave therapy (ESWT) on
eukaryotic tissues, only little data are available concerning their effect on prokaryotic microorganisms. The
objective of the present study was to determine the bactericidal activity as a function of energy flux density and
shock-wave impulse number. Standardised suspensions of Staphylococcus aureus ATCC 25923 were exposed to
different impulse numbers of shock waves with an energy flux density (ED) up to 0.96 mJ mmⴚ2 (2 Hz).
Subsequently, viable bacteria were quantified by culture and compared with an untreated control. After applying
4000 impulses, a significant bactericidal effect was observed with a threshold ED of 0.59 mJ mmⴚ2 (p < 0 · 05).
A threshold impulse number of more than 1000 impulses was necessary to reduce bacterial growth (p < 0 · 05).
Further elevation of energy and impulse number exponentially increased bacterial killing. ESWT proved to exert
significant antibacterial effect in an energy-dependent manner. Certain types of difficult-to-treat infections could
offer new applications for ESWT. (E-mail: Gerdesmeyer@aol.com) © 2005 World Federation for Ultrasound
in Medicine & Biology.
Key Words: Infection, Lithotripsy, Shock wave, ESWT, Bactericidal, Antibacterial, Energy flux density, Impulse
number.

However, despite considerable knowledge about effects of shock waves on eukaryotic soft tissues, only few
data are available concerning their effect on prokaryotic
microorganisms. In a first approach, we evaluated the
direct effect of extracorporeal shock waves on staphylococci in vitro. These results indicated a highly significant
bactericidal effect of extracorporeal shock waves on viable Staphylococcus aureus cells with a mean decrease
by a factor of approximately 1.3 ⫻ 103 or 3.1 orders of
magnitude (von Eiff et al. 2000). Moreover, a significant
bactericidal effect of high energy shock waves was found
for different gram-positive and gram-negative pathogens
such as Staphylococcus epidermidis, Enterococcus faecium and Pseudomonas aeruginosa (Gollwitzer et al.
2004).
In this study, we evaluated the bactericidal activity as a function of energy flux density (ED) and
shock-wave impulse number (IN) to define the optimal
in vivo conditions. An appropriate animal infection
model is now warranted to further evaluate the data
defined in these experiments. Our results may provide
the basis of novel treatment for certain types of bacterial infections.

INTRODUCTION
Since the introduction of extracorporeal shock-wave
therapy (ESWT) for the treatment of nephrolithiasis by
Chaussy et al. (1980), a multitude of new indications for
ESWT have arisen. Nowadays, extracorporeal shock
waves are not only applied for the treatment of kidney
stones, but also for the fragmentation of gallstones, pancreas stones and salivary gland stones (Delhaye et al.
1992; Iro et al. 1992; Sauerbruch et al. 1986). Apart from
physical disintegration of calculi as an approved standard
therapy in humans, enthesiopathies like tennis elbow,
plantar heel spur or calcified tendonitis of the shoulder
and bone pathologies (pseudarthroses and delayed
unions) represent classical indications for ESWT (Dahmen et al. 1993; Gerdesmeyer et al. 2003; Kaulesar
Sukul et al. 1993; Rompe et al. 1996a, 1996b; Schleberger and Senge 1992).
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METHODS
Preparation of bacteria
Before shock-wave treatment, S. aureus ATCC
25923 was cultured to late logarithmic growth phase in
trypticase soy broth at 37 °C for 18 h. Bacteria were then
washed twice in phosphate-buffered saline (PBS), resuspended in normal saline and adjusted to 1 ⫻ 107 c.f.u.
mL⫺1. Suspensions were prepared in normal saline and
soft Pasteur pipettes (Micro-Bio-Tec-Brand, Giessen,
Germany) were filled with 3.0 mL of the suspension,
sealed and proceeded to ESWT.
Shock-wave application
High-energy shock waves were applied with an
“Alpha Compact Lithotrypter” (Dornier Med Tech®,
Wessling, Germany) in a water bath. A custom-made
sample holder was used for reproducible placement of
the specimens in the shock-wave focus. Sirios red (Sigma-Aldrich, München, Germany) was applied as an indicator dye before the microbiologic investigations to
examine sealed plastic pipettes for leakage. Therefore,
vials were filled with standard concentrations of the dye
(n ⫽ 3), sealed by fusion of the tip and proceeded to
4000 shock waves at an ED of 0.96 mJ mm⫺2. Absorbance was determined in quadruplicate with a conventional photometer before and after shock-wave application of both the dye solution and the surrounding water
bath.
The influence of both IN and ED was examined
under standardised conditions and untreated bacterial
suspensions served as a control (n ⫽ 5 for each group).
At first, increasing IN up to 4000 impulses (with steps of
1000 impulses) was applied with a constant ED of 0.96
mJ mm⫺2. Afterwards, different levels of ED with 0 · 38
mJ mm⫺2, 0 · 59 mJ mm⫺2 and 0 · 96 mJ mm⫺2 were
administered with a constant number of 4000 impulses.
After shock-wave application, serial aliquots of each test
and control sample were plated on Mueller–Hinton agar
plates and viable counts were determined after incubation at 37°C for 48 h.
Calculations and statistical methods
All data obtained by determining the viable counts
were compared for statistical significance with p ⬍ 0.05
considered to be significant (Mann–Whitney test).
RESULTS
Influence of shock waves on permeability of soft Pasteur
pipettes
Absorbance of the indicator dye before shock-wave
application averaged 0.5835 ⫾ 0.0064, and 0.5787 ⫾
0.0067 after 4000 impulses at the highest energy level (p
⬎ 0.05). Mean values for the surrounding water bath did

Fig. 1. Logarithmic scale of bacterial growth in relation to impulse
number applied at high energy level (ED ⫽ 0.96 mJ mm⫺2).

not change significantly either, with 0.0364 ⫾ 0.018
before ESWT and 0.0362 ⫾ 0.019 after the treatment (p
⬎ 0.05). Consequently, leakage and dilution of the microbiologic test samples by the surrounding water bath
could be excluded.
Influence of impulse numbers on antibacterial effectiveness
The relation of the applied impulse number to the
antibacterial effectiveness of the ESWT is shown in Fig.
1. By applying up to 1000 impulses at an energy flux
density of 0.96 mJ mm⫺2, no significant reduction of
bacterial viability was observed (p ⬎ 0.05). After exposure of at least 2000 impulses, bacterial growth was
significantly reduced and directly related to the applied
number of shock waves, if shock waves were applied at
the same energy flux density level of 0.96 mJ mm⫺2 (p ⬍
0.01). A further increased effect was found with increasing number of shock waves up to 4000 shocks. The
reduction of bacterial viability increased significantly by
application of a higher number of shock waves (p ⬍
0.01).
Influence of shock-wave energy on antibacterial effectiveness
Bacterial growth after application of 4000 impulses
with different energy levels is displayed in Fig. 2. Impulses with an level of energy flux density of 0.38 mJ
mm⫺2 did not show any significant influence on in vitro
growth of S. aureus (p ⬎ 0.05). With this experimental
setting, a threshold energy flux density of 0.59 mJ mm⫺2
was necessary to exhibit significant antibacterial activity
(p ⬍ 0.05). Similarly to the increased effect, correlated to
the number of shock waves, shock waves with a higher
energy flux density level also improved bacterial killing
significantly up to two logarithmic levels for 0.96 mJ
mm⫺2 (p ⬍ 0.01).
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Fig. 2. Logarithmic scale of bacterial growth in relation to
applied energy (ED); 4000 shock waves were applied at
each energy level.

The antibacterial effectiveness of the ESWT seems
to be related to the applied acoustic energy and the
number of applied shock waves.
DISCUSSION
Since 1980, extracorporeal shock waves have been
increasingly used in urologic and orthopaedic disorders,
with the exception of acute infection because pathogens
from localised sites of infection may gain access to the
bloodstream through damaged vessels resulting in severe
systemic infection. Therefore local infections are still
considered to be a contraindication for shock-wave therapy of orthopaedic disorders. However, the exposure of
bacteria to shock waves may feasibly result in physical
damage to bacteria, as well as resulting in cell death.
Antibacterial effectiveness of ESWT has been previously reported for clinically relevant bacteria (von Eiff
et al. 2000). Constant treatment parameters of 4000 impulses and 0.96 mJ mm⫺2 had been applied in our study
and significant reduction of bacterial growth was
achieved. Kerfoot et al. (1992) studied the effect of
shock waves on bacterial growth in relatively rigid cryogenic vials and therefore failed to demonstrate any antibacterial effect, demonstrating the influence of the experimental setup on in vitro results.
The present experiments demonstrated that a minimum energy threshold of 0.59 mJ mm⫺2 has to be
applied before antibacterial effects arise. A further increase of ED far beyond the threshold level exponentially improved bacterial killing, emphasising the enormous influence of the shock-wave energy on bacterial
survival. With energies above the threshold level, antibacterial effectiveness could be further improved by increasing the number of impulses. In contrast to a previous study demonstrating a minimum of 350 impulses to
be necessary for significant staphylococcal killing (von
Eiff et al. 2000), in this study, a threshold had to be
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overcome, being more than 1000 impulses. An exponential bactericidal effect was only observed with higher
impulse numbers. These differences can be explained by
different experimental setups and by using different sample volumes, with increasing the “probability-of-hit” between shock waves and suspended bacteria in smaller
sample volumes, applied by von Eiff et al. (2000). Furthermore, recently improved shock-wave measurement
techniques allow exact definitions of shock wave and
devising parameters. Thus, due to the enormous influence of experimental setups, threshold levels of energy
and impulse counts on bacterial killing cannot be generalised and are only valid for each specific study (Gerdesmeyer et al. 2002; Wess et al. 1997). The influence of
energy on bacterial viability and growth has not been
studied so far and the present study is the first to define
a threshold ED for bacterial killing. Thus, by applying
the corresponding technical parameters, subsequent investigations exposing bacteria to shock waves can be
compared.
Different mechanisms of shock-wave tissue interaction have been proposed. Shock waves induce cavitation
phenomena and shear forces at acoustic interfaces (Gerdesmeyer et al. 2002; Wess et al. 1997). Cavitation
bubbles occur after high energy shock waves pass liquid
structures. These bubbles collapse within a very short
time and high-speed microjet streams with up to 800 m
s⫺1 are generated and induce local lesions in surrounding
tissue (Delacretaz et al. 1995; Gerdesmeyer et al. 2002).
High local tensile and shear forces were also generated
by shock waves, because of the extremely short rise time
of high pressure within a defined small region, called the
focus (Crum 1988; Delius et al. 1998). Large differences
in impedance induce large transformations from acoustic
energy to mechanical energy (Delacretaz et al. 1995;
Delius et al. 1995; Gerdesmeyer et al. 2002), which
directly affects surrounding tissue by mechanical stress.
Shear forces and cavitation work synergistically, rather
than independently (Zhu et al. 2002). These results have
been confirmed by cell studies by analysing mechanical
effects (e.g., cell lysis after shock-wave application)
(Lokhandwalla et al. 2001).
The main targets of shock waves seem to be membrane systems, leading to an increased permeability of
membranes and cell walls, comparable with hydrostatic
pressure treatment (Diehl et al. 2003; Perrier-Cornet et
al.1999). Shigehisa et al. (1991) reported a permeabilisation of bacterial cell walls by high hydrostatic pressure
treatment followed by an increased discharge of cytoplasmatic RNA and membrane leakage, after high hydrostatic pressure treatment leading to increased intracellular staining was shown by Benito et al. (1999).
Thin cell layers of bacteria and intracellular structures get severely injured and leakage occurs, explaining
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the direct killing effects of shock waves (Lokhandwalla
et al. 2001). Detectable local thermal or chemical effects
have also been discussed, but no evidence of clinical
relevance could be found (Delacretaz et al. 1995; Delius
et al. 1995; Gerdesmeyer et al. 2002).
Additional biologic effects may add synergetic antibacterial properties. Several in vivo studies have found
a direct vasculogenic effect, and extracorporeal shock
waves were described to generate an increased perfusion
(Wang et al. 2002, 2003). Mechanical and biologic effects could probably be used as additional treatment
options in the infected condition.
Although a large number of studies examining effects
of ESWT on a multitude of diseases exist, the potential
therapeutic role for this form of energy to kill bacteria in
humans has never before been evaluated. In fact, use of
shock-wave treatment is considered to be a risk if bacterial
infection is suspected. However, our findings suggest that
ESWT should be evaluated and tested for use particularly in
difficult-to-cure infections. For infections such as osteomyelitis or artificial valve endocarditis, development of novel
therapeutic strategies is urgently warranted. Schaden (2000)
applied high-energy extracorporeal shock waves on infected nonunions. Neither ESWT-related side effects nor
systemic spreading of bacteria with secondary infections
were observed. Furthermore, no difference in success rate
was found between septic and aseptic nonunions after highenergy ESWT. Similar energy levels to those that we used
in this study were also described in clinical trials where no
clinical side effects were reported, except local petechial
bleeding and haematoma (Ikeda et al. 1999). Our study
showed significant bactericidal effects of extracorporeal
shock waves. Therefore, infections should no longer be
generally classified as a contraindication for shock-wave
treatment. Further studies have to investigate whether the
antibacterial effect of high-energy shock waves could be
further improved and the presented results should be verified in vivo before clinical trials are designed. ESWT might
be an important option in treatment of difficult-to-treat
infections but results need to be confirmed in prospective
clinical trials.
CONCLUSIONS / SUMMARY
High-energy shock waves were found to have direct
antibacterial activity. This significant effect may have
clinical relevance by reduction of bacterial growth up to
several logarithmic levels. The antibacterial effect is
dependent on energy and impulse number, and threshold
levels have to be surpassed.
Acknowledgements—Dornier Medizintechnik, Wessling, Germany put
shock-wave equipment at our disposal. They had no involvement in or
control over the running of the study, the decision to publish or the
content of this paper.

Volume 31, Number 1, 2005

REFERENCES
Benito A, Ventoura G, Casadei M, et al. Variation in resistance of
natural isolates of Escherichia coli O157 to high hydrostatic pressure, mild heat, and other stresses. Appl Environ Microbiol 1999;
65:1564 –1569.
Chaussy C, Brendel W, Schmiedt E. Extracorporeally induced destruction of kidney stones by shock waves. Lancet 1980;2:1265–1268.
Crum LA. Cavitation microjets as a contributory mechanism for renal
calculi disintegration in ESWL. J Urol 1988;140:1587–1590.
Dahmen GP, Nam VC, Meiss L. Extrakorporale Stosswellentherapie
(ESWA) zur Behandlung von knochennahen Weichteilschmerzen.
Indikation, Technik und vorlaeufige Ergebnisse. In: Deutsche Gesellschaft für Stosswellenlithotripsie, eds. Konsensus Workshop der
Deutschen Gesellschaft für Stosswellenlithotripsie. Tuebingen: Attempto-Verlag, 1993:143–148.
Delacretaz G, Rink K, Pittomvils G, et al. Importance of the implosion
of ESWL-induced cavitation bubbles. Ultrasound Med Biol 1995;
21:97–103.
Delhaye M, Vandermeeren A, Baize M, Cremer M. Extracorporeal
shock-wave lithotripsy of pancreatic calculi. Gastroenterology
1992;102:610 – 620.
Delius M, Draenert K, Al Diek Y, Draenert Y. Biological effects of
shock waves: In vivo effect of high energy pulses on rabbit bone.
Ultrasound Med Biol 1995;21:1219 –1225.
Delius M, Ueberle F, Eisenmenger W. Extracorporeal shock waves act
by shock wave-gas bubble interaction. Ultrasound Med Biol 1998;
24:1055–1059.
Diehl P, Schmitt M, Blumelhuber G, et al. Induction of tumor cell death
by high hydrostatic pressure as a novel supporting technique in
orthopedic surgery. Oncol Rep 2003;10(6):1851–1855.
Gerdesmeyer L, Maier M, Haake M, Schmitz C. Physical-technical
principles of extracorporeal shockwave therapy (ESWT). Orthopade 2002;31:610 – 617.
Gerdesmeyer L, Wagenpfeil S, Haake M, et al. Extracorporeal shock
wave therapy for the treatment of chronic calcifying tendonitis of
the rotator cuff: A randomized controlled trial. JAMA 2003;290:
2573–2580.
Gollwitzer H, Horn C, von Eiff C, Henne M, Gerdesmeyer L. Antibacterial
effectiveness of high-energetic extracorporeal shock waves: An in
vitro study. Z Orthop Ihre Grenzgeb 2004;142:462– 466.
Ikeda K, Tomita K, Takayama K. Application of extracorporeal shock
wave on bone: Preliminary report. J Trauma 1999;47:946 –950.
Iro H, Schneider HT, Fodra C, et al. Shockwave lithotripsy of salivary
duct stones. Lancet 1992;339:1333–1336.
Kaulesar Sukul DM, Johannes EJ, Pierik EG, van Eijck GJ, Kristelijn
MJ. The effect of high energy shock waves focused on cortical
bone: An in vitro study. J Surg Res 1993;54:46 –51.
Kerfoot WW, Beshai AZ, Carson CC. The effect of isolated highenergy shock wave treatments on subsequent bacterial growth. Urol
Res 1992;20:183–186.
Lokhandwalla M, McAteer JA, Williams JC Jr, Sturtevant B. Mechanical haemolysis in shock wave lithotripsy (SWL): II. In vitro cell
lysis due to shear. Phys Med Biol 2001;46:1245–1264.
Perrier-Cornet JM, Hayert M, Gervais P. Yeast cell mortality related to
a high-pressure shift: Occurrence of cell membrane permeabilization. J Appl Microbiol 1999;87:1–7.
Rompe JD, Hopf C, Kullmer K, Heine J, Burger R. Analgesic effect of
extracorporeal shock-wave therapy on chronic tennis elbow. J Bone
Joint Surg 1996a;B-78:233–237.
Rompe JD, Hopf C, Kullmer K, Witzsch U, Nafe B. Extracorporeal
shockwave therapy of radiohumeral epicondylopathy–An alternative treatment concept. Z Orthop Ihre Grenzgeb 1996b;134:63– 66.
Sauerbruch T, Delius M, Paumgartner G, et al. Fragmentation of gallstones
by extracorporeal shock waves. N Engl J Med 1986;314:818 – 822.
Schaden W. Extrakorporale Stosswellentherapie (ESWT) bei Pseudarthrosen und verzoegerter Frakturheilung. Trauma Berufskrankh
2000;2:S333–S339.
Schleberger R, Senge T. Non-invasive treatment of long-bone pseudarthrosis by shock waves (ESWL). Arch Orthop Trauma Surg 1992;
111:224 –227.

Antibacterial effectiveness of shock waves ● L. GERDESMEYER et al.
Shigehisa T, Ohmori T, Saito A, et al. Effects of high hydrostatic
pressure on characteristics of pork slurries and inactivation of
microorganisms associated with meat and meat products. Int J Food
Microbiol 1991;12:207–215.
von Eiff C, Overbeck J, Haupt G, et al. Bactericidal effect of extracorporeal shock waves on Staphylococcus aureus. J Med Microbiol
2000;49:709 –712.
Wang CJ, Huang HY, Pai CH. Shock wave-enhanced neovascularization at the tendon-bone junction: An experiment in dogs. J Foot
Ankle Surg 2002;41:16 –22.

119

Wang CJ, Wang FS, Yang KD, et al. Shock wave therapy induces
neovascularization at the tendon-bone junction. A study in rabbits.
J Orthop Res 2003;21:984 –989.
Wess O, Ueberle F, Duehrssen RN, et al. Working group technical
developments —Concensus report. In: Chaussy C, Eisenberger F,
Jocham D, Wilbert D, eds. High energy shock waves in medicine.
Stuttgart: Thieme, 1997:59 –71.
Zhu S, Cocks FH, Preminger GM, Zhong P. The role of stress waves
and cavitation in stone comminution in shock wave lithotripsy.
Ultrasound Med Biol 2002;28:661– 671.

