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B Extracorporeal shock wave therapy (ESWT) is a safe ther-
apy and there are only a few side effects known (such
as pain during ESWT and minor haematomata), but no
severe complications are to be expected if it is performed
as recommended.

B Contraindications are severe coagulopathy for high-energy
ESWT, and ESWT with focus on the foetus or embryo and
focus on severe infection.

B The effect mechanism of ESWT is still a component of
diverse studies, but as far as we can summarize today, it
is a similar process to a cascade triggered by mechano-
transduction: mechanical energy causes changes in the
cellular skeleton, which provokes a reaction of the cell
core (for example release of mRNA) to influence diverse
cell structures such as mitochondria, endoplasmic reticu-
lum, intracellular vesicles, etc., so the enzymatic response
leads to the improvement of the healing process.

B The usage of ESWT should be taught, to improve the out-
come. Courses should be organized by national societies,
since the legal framework conditions are different from
one country to another.

B In this update the musculoskeletal indications are
addressed (mainly bone and tendons): pseudoarthro-
sis, delayed fracture healing, bone marrow oedema and
osteonecrosis in its early stages, insertional tendinopathies
such as plantar fasciitis and Achilles tendon fasciitis, cal-
cifying tendonitis of the rotator cuff, tennis elbow, and
wound healing problems.
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Introduction and history

Extracorporeal shock wave therapy (ESWT) is a non-
invasive form of treatment, that has been developed
from ESWL (extracorporeal shock wave lithotripsy). The
development of EWST, the physical theoretical basic
knowledge and different devices for application, such as

focusing devices (electro-hydraulic, piezo-electric, elec-
tro-magnetic flat, electro-magnetic cylindric) and radial
devices, which are also called ballistic, started with first
applications which were tested on bones by orthopae-
dic surgeons and traumatologists in Germany and in
Bulgaria. Several researchers at different locations dis-
covered and tried to use the effects of shock waves on
bones relatively simultaneously.’? In orthopaedics,
many other indications have emerged relatively quickly
in addition to the application to bone, and ESWT has
expanded rapidly.

In 1997, the uninhibited enthusiasm for ESWT as a form
of therapy and the simultaneous lack of proven evidence
led to the questioning of this kind of therapy especially in
the country with the most frequent applications of ESWT.
An exact survey of the evidence was initiated and, finally,
the report of the ‘Medical Treatment’ working committee
of the Federal Committee of Doctors and Health Insurance
Funds on consultations of the year 1998 for the evaluation
of extracorporeal shock wave therapy (ESWT) for ortho-
paedic, surgical and pain therapeutic indications accord-
ing to §135 para.1 SGB V of 22.07.1999, resulted in the
abolition of payment for this treatment by health insur-
ance funds in Germany.

This was almost the end of ESWT, but an initiative of the
German Society for Orthopaedics and Traumatology con-
tributed to further development. Three multicentre studies
were initiated the results of which put ESWT on a new foot-
ing scientifically. Although the work of the working groups
around Michael Haake (Philipps-Universitat-Marburg resp.
Universitat Regensburg) did not find any positive results of
ESWT in the treatment of lateral epicondylitis,>* the multi-
centre study by Ludger Gerdesmeyer (Technische Univer-
sitat Minchen) showed significantly better results with
ESWT than with a placebo.>

Extracorporeal shock wave therapy has been devel-
oped from extracorporeal shock wave lithotripsy (ESWL).
Lithotripsy studies on the effects of shock waves on the
different tissues of the body that come into direct or indi-
rect contact with shock waves, have also focused on bones
and other tissues of the musculoskeletal system, thus
showing that shock waves can have a positive effect on a
wide variety of tissues.6-11
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Fig. 1 Different types of generating pressure waves and shock waves are produced by the diverse devices for ESWT. All these
devices produce more or less focused pressure waves and shock waves except the radial devices, which produce pressure waves,
which are not focused and have the highest energy in the area where the applicator delivers the mechanical energy into the body,

superficially on the skin.

Devices

The development of ESWT devices is closely linked to that
of ESWL (Fig. 1). First the electro-hydraulic devices came
onto the market, then the piezo-electric and the various
electro-magnetic devices (with flat coil or cylindrical coil).
All these devices produce focusing pressure pulses. There
are considerable differences in the quality of the sound
fields, mainly the focus zones are very different, but with
all these devices shock waves can be generated within the
highest energy settings. The radial devices use com-
pressed air or electro-magnetic forces to accelerate a ‘pro-
jectile’ in the device, which transfers its energy on impact
with an applicator and applies it to the tissue.

Physics

In order to be able to deal with the nature of shock waves,
one has to deal with waves in general, then one can deal
with the differences between more or less high-energy
pressure waves and shock waves. According to Harten, an
‘oscillating structure’ has a well-defined resting position
in which it can remain permanently.’? If it is deflected
from this position, the driving forces try to bring it back
into the resting position. The characteristic value of the
oscillation is its natural frequency and its amplitude. The
simplest oscillations, the so-called harmonic oscillations,
are described mathematically by the angular functions of
sine or cosine. More complicated oscillations can be
understood as superpositions of such simple oscilla-
tions.’" Shock waves are mechanical waves, they propa-
gate in a medium which also deforms or changes its

density. The media we have to consider are water and
human tissue; water due to the fact that all measurements
are carried out in water, and human tissue because it is the
target of ESWT in all orthopaedic indications. The defor-
mation is reversible due to its restoring force.

With the introduction of ballistic and radial devices,
respectively, to the market, a conflict arose that has not
yet been resolved, because these devices also claim to be
suitable for extracorporeal shock wave therapy. In fact,
these devices produce pressure pulses that appear to
address similar or identical target organs as the focusing
devices. The conflict is still part of heated discussions and
will certainly continue to be so, especially as the users of
both techniques have had clinical success, which is shown
later in the ‘clinical indications’ section. The fact is, how-
ever, that radial devices do not produce pressure pulses
that resemble the characteristic properties of the classic
shock wave: the rising time and the maximal pressure of
radial pressure waves are much lower (Fig. 2).

The description of the parameters for focusing devices
goes back to ESWL, and is only of limited use to describe
the pressure pulses for ESWT. The parameter set is written
in the CE certification normative IEC 61846;'3 this is the
base for the description of shock waves and includes pres-
sure (MPa) and time (s) in water. In this case the imped-
ance is only dependent on the energy level. In human
tissue, different tissue densities additionally influence the
impedance (it is the product of the medium’s density and
the wave’s velocity).

The measurements are carried out using hydrophones,
they are presented in diagrams as graphs by time versus
pressure, and the sound fields are measured at defined
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Comparison of three different acoustic waves
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Fig. 2 Comparison of three different acoustic waves: shock waves, diagnostic ultrasound and radial pressure waves.
Source. Electro-hydraulic shock wave: MTS Europe GmbH, measurement orthogold100, focused applicator. Diagnostic ultrasound: sine wave, calculated with
1 MPa peak pressure at 2MHz. Radial pressure wave: Cleveland RO, Chitnis PV, McClure SR. Acoustic field of a ballistic shock wave therapy device. Ultrasound

Med Biol 2007;33:1327-1335, Figure 6a.

areas, the centres of the focus zones. Some parameters are
calculations of the measurements, for example the energy
flux density (ED, m)/mm?2). We will not discuss each param-
eter, since we want to focus on clinical indications, but we
want to comment on the parameter energy. There are very
prominent publications,> where it is assumed that the
product of ED and number of impulses is the total amount
of energy, but this does not take into account that the
focus size differs a lot with different energy levels and the
pressure declines from the centre toward the margin, so
one should consider the diverse pressure levels within the
focus as isobars. At the moment, comparison of the devices
is difficult, since the measurements are made under diverse
circumstances. In the future it should be possible to define
exactly described conditions for measurements and hydro-
phones, and the measurements should be made in defined
focus areas.’? An additional parameter could be defined as
momentum or impulse orimpact (M; m * v (Ns)). All focus-
ing devices have in common that they bring the highest
energy together into the focus. Descriptions of the differ-
ent generating mechanisms can be found in the litera-
ture.’ It should be emphasized that the quality of
electro-hydraulically generated shock waves is obviously
much different from that of shock waves produced by elec-
tro-magnetic and piezo-electric devices. For example, the
jitter effect makes it difficult to measure each impulse
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correctly, which means that average values are given.
Whether this is a reason for different effectiveness, cannot
be said, but the sound fields of each pulse look much more
different than with the other devices. Thus, from our point
of view, there is an urgent need to introduce new param-
eters. Radial pressure waves, confusingly referred to as
r-ESWT in the literature, are characterized by the fact that
they have a sound field which becomes weaker and weaker
as the process progresses. The impulses are oriented in
one direction, but they run in all directions and they
decrease in intensity the further they penetrate into the tis-
sue. These devices generate the strongest energy directly
at the point of entry at the treated region of the body. Of
course, pressure gradients can also be measured, but com-
pared to focusing devices, the rise times of the pressure
pulses are much slower (between approximately 1 and 25
microseconds). The pressure intensity is also lower: the
peak pressure in the focus can exceed 50 MPa for focusing
devices, while the pressure peaks of approximately 15 MPa
are significantly lower for radial devices. The rise times are
even more clearly different: with focusing devices, the rise
times are in the range of 5-10 ns at high energies, with
radial devices, they are 5—1 ms. The rise times of the pres-
sure peaks are considerably lower with radial devices. In
particular, the penetration depth of the pressure pulses is
very different for the two device types. With high energy
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settings, for example, a penetration depth of well over 10
cm can be achieved with focusing devices, whereas with
radial devices the energy levels at approximately 1.5 cm
have already dropped considerably, suggesting that super-
ficial structures should be treated. Whether the superficial
structures produce an effect in the depth, or only the pres-
sure impulses of the devices, can perhaps sometimes be
differentiated from further studies, but this does not
exclude the possibility that with superficially effective
devices positive effects can also be achieved in the depth.
The properties of shock waves and pressure waves that
trigger an effect in the body are still not clear, and various
physical effects can be observed: in addition to changes in
pressure gradients, temperature changes and cavitation can
also be observed.>13 Which of these changes are necessary
for the clinical effect is the subject of investigation; clear
statements cannot yet be made, and therefore this topic is
not explained in detail here. As published on the homepage
of the International Society for Medical Shockwave Treat-
ment (ISMST), it is recommended to record all possible
parameters in the clinical documents which are available at
the moment (type of machine, number of impulses, param-
eter of impulses as ED or comparable information), and it is
recommended to cooperate with the manufacturer in case
of designing and performing clinical studies and basic
research publications (https://www.shockwavetherapy.
org/about-eswt/ismst-recommendations/).

Biology

The transmission of a shock wave or of a pressure wave leads
to effects on the tissue. The transformation of the physical
energy into a biological response is similar to a cascade pro-
cess. First the cell skeletal annexes are activated, which leads
to the release of mMRNA from the cell nuclei. This is followed
by activation of cell organs such as the mitochondria and the
endoplasmic reticulum and the cell vesicles, which release
the specific proteins of the healing process. Wang’s research
group showed several working mechanisms which fit into
this idea of mechano-transduction, as the cascade is called
by ESWT users.’s In animal models it is observed, that ESWT
induces free radicals and oxygen radicals, which induce the
production of a number of growth factors.'¢

The cellular effect of ESWT is increasingly better under-
stood at the molecular level. Cell regeneration is a com-
plex process including cell activation, migration and
interaction of different cell types. This leads to the expres-
sion of cell surface proteins (receptors), which are stimu-
lated by cytokines and thus activate the interactions.”:18
These processes are triggered, induced and amplified by
ESWT.™? Initially, the mechanisms were not understood,
and microfractures in the bone were shown and held
responsible for the effects.2%2! Recent studies show the

molecular mechanism of ESWT; it has been shown that
osteogenesis is induced by inhibition of osteoclasts. In
bone augmentation, ESWT activates osteogenesis by oste-
oblast differentiation and then by increased proliferation,
which has been demonstrated in vivo and in vitro.1¢

ESWT improved symptoms in rats with OA and we
have confirmed that it inhibits cartilage degeneration and
promotes the rebuilding of subchondral bone. The mech-
anism may be that ESWT activates Wnt5a/Ca2+ signalling
in bone marrow mesenchymal stem cells.?? The described
results confirm the therapeutic effect of ESWT in rats with
OA. Micro-CT findings included increased bone density,
bone volume, trabecular count, and trabecular strength,
suggesting that ESWT promotes subchondral bone forma-
tion.?? Additionally, proliferation of periosteal cells is
induced.?* The fixed action of screws or implants in osteo-
porotic bone is a biomechanical problem. Different tech-
niques such as bone impaction, angular stable plates,
coatings or cement augmentation have been tried to
avoid osteoporosis. Another possibility would be local
bone induction. In a study in rats, local shock wave ther-
apy was applied and it was shown that, not only in the
area of the screws, but also far away from them an increase
in bone density measured in micro-CT could be observed.
Increased stability was also measured in the pull-out test
(3000 unfocused shock waves with an energy density of
0.3 m)/mm2 were administered).25.26

Indications/location/results

ESWT in daily life

Urologists have used ESWL to break up kidney stones. All
otherapplications are regenerative. This must be explained
to the patient accordingly and also affects the recommen-
dations for the time following ESWT. If, for example, ESWT
is used in the treatment of tendons or bones, one must
take appropriate precautions to ensure that stress after
treatment does not compromise the healing process. As
can be seen from the mechanisms of action, ESWT can
accelerate the healing of tissue, but basic principles must
still be guaranteed, such as immobilization during bone
healing, otherwise regenerative tissue would be destroyed
during every movement of the fracture gap. It is very
important to convey to the patient that healing takes time.

Side effects can be explained, for example, pain during
the application of ESWT itself. At high energies or high
contact pressure of the device on the tissue, petechial
bleeding can occur in the skin in addition to a slight red-
dening of the skin.?” Rompe et al have shown that very
high energy levels can cause damage of the tissue, as for
example 0.6 mJ/mm? energy flux density causes necrosis
of tendons in rabbits.28
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Comorbidities should be discussed with the patients,
for example, those that may also have an effect on the
healing process.?’

Contraindications

Shock waves can destroy metals, as can be seen on boat
propellers, so attention should be paid to the energy
being applied. The higher the energy setting, the higher
the destructive power, as applied to kidney stone shatter-
ing. Rompe et al have already impressively shown in 1997
that with the devices on the market, which are used for
bone treatment, tendons can be permanently damaged.28
Since shock waves release their energy mostly to the envi-
ronment where the media have a greater difference in
impedance, all tissues which have very different imped-
ances, i.e. particularly high or particularly low density, are
endangered. It is therefore essential to ensure that the
lungs are not in the sound field because it can lead to tears
and bleeding or pneumothorax.

From the above it follows that ESWT should be used in
an environment that is similar to the protective standard
of accepted medical practice. In addition, it follows that
only those people who have the appropriate compe-
tence should use ESWT. The indication can only be
applied by someone who is authorized to make the diag-
nosis, which in many countries is reserved for physicians;
in some countries also physiotherapists and/or podiatrists
are authorized.

We regard the fact that the treatment itself is unpleas-
ant or painful as a side effect, not a complication. ESWT
can cause redness and superficial haematomata on the
skin, due to the pain during ESWT. The patient might
develop a vago-vasal reaction and become dizzy, and
deeper injuries of the skin are not unknown.

Complications have been described, which occurred
after ESWT, but it could not be proven that ESWT leads to
such changes at the recommended energy levels. More
likely, multiple cortisone infiltrations in the run-up to
ESWT which are described, are much more likely to lead to
necrosis of the humeral head.3°

We recommend following the guidelines which are
published on the homepage of the International Society
for Medical Shockwave Treatment (ISMST), on how to per-
form ESWT (https://www.shockwavetherapy.org/about-
eswt/ismst-guidelines/). Carrying out those instructions
helps to avoid any complication as described here.

Bone indications: non-union, delayed healing

The oldest orthopaedic indication for ESWT is delayed bone
fracture healing or pseudarthrosis. Valchanou published a
series of bone treatments in 1991, which he carried out in
Bulgaria at the end of the 1980s." At the same time, centres
in Germany also made observations on the bones of animals
treated with ESWT.67:31.32 However, the published studies
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were not fully characterized by their evidence levels, but
several case series of different bony indications led to a
spread of ESWT among orthopaedists and traumatolo-
gists.33 Despite the criticism of ESWT in the treatment of
pseudarthrosis and delayed bone fracture healing, it has
become accepted, not least due to the work of Cacchio and
Furia, who have achieved a significantly higher level of evi-
dence based medicine (EBM) standards than previous stud-
ies.34-37 Although there are also studies today that describe
ESWT on bone with other than high-energy devices, one
can only recommend high-energy treatment with focusing
devices as applied in the publications with positive results,
i.e. with electro-hydraulic and with electro-magnetic devices
and energy levels from 0.35 mj/mm? to 0.70 m)/mm?.

Osteochondrosis dissecans, osteonecrosis,
bone marrow oedema

The treatment of femoral head necrosis has not been as
successful as the treatment of delayed fracture healing
and pseudarthrosis, but there are a few publications that
describe a positive effect. Ludwig et al observed an
improvement not only clinically, but also in the Associa-
tion Research Circulation Osseous (ARCO) stage of femo-
ral head necrosis.3® The data situation is not particularly
overwhelming, but even in systematic reviews a positive
effect appeared likely, even if it was pointed out that no
double-blind studies are available.3%40 A later study also
showed positive results, even though this work was also
not a randomized controlled trial. Wang et al compared
ESWT not to a placebo, but to core decompression, and
found encouraging results.#! However, Wang et al also
found in a comparative study with randomization of ESWT
against alendronate comparable results in which ESWT
was equivalent in both groups.#? d’Agostino et al found
promising results in the early stage of femoral head necro-
sis.*3 Not only osteonecrosis of the femoral head was stud-
ied, but also bone marrow oedema syndromes. A further
study by d’Agostino et al, for example, showed a signifi-
cant improvement with ESWT in Kienbdck’s disease.*# In
summary, there are reports of ESWT use in osteonecrosis:
Perthes disease, Kéhler | and Il, femoral head necrosis and
secondary osteonecrosis after trauma. The literature is
poor, but there is a case report by Moretti et al concerning
a successful treatment of bilateral osteochondrosis disse-
cans at the knee, and there is a published series from Ber-
lin, which reported positive results.4546

Plantar fasciitis, Achilles tendinopathy

ESWT has been most successful in routine treatment of
heel complaints such as plantar fasciitis and in the insertion
tendinopathy of the Achilles tendon and mid-portion
Achillodynia. Here, the data situation is quite good, even
though the literature has weaknesses for this indica-
tion. The Institut fir Qualitat und Wirtschaftlichkeit im
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Gesundheitswesen*” examined the evidence for use of
ESWT in heel complaints most thoroughly, and this inves-
tigation led to the fact that health insurance companies in
Germany have to bear the costs of ESWT at the heel
because the examination produced sufficient evidence.
Previous publications are much weaker; on the one hand
no significant success was achieved compared with a pla-
cebo when local anaesthesia was used,*8 or a very hetero-
geneous patient population was invited for therapy, which
would not have facilitated randomization,* even though
there were studies that had shown good success of ESWT
in plantar fasciitis.#>=7 The list could be extended, but
there are publications which have shown good results for
focusing and radial devices. There are also studies compar-
ing ESWT with other therapies, such as cortisone. Although
ESWT does not have a damaging effect on tendon tissue,
unlike cortisone, the results are not conclusive.

As with plantar fasciitis, there are many publications on
Achilles tendinopathy that show that ESWT can produce a
good effect. Very quickly it became established that one
should not carry out this treatment without remedial gym-
nastics, especially in Achillodynia.>® Rompe et al dealt with
remedial gymnastics and ESWT in further studies and
emphasized their positive interaction, after he had investi-
gated the two therapies and their effect in comparison with
one another, and other colleagues also proved the positive
effect of ESWT on pain relief in the Achilles tendon.>9-64

Tendinitis calcarea, calcifying tendinitis

The use of ESWT on the calcified shoulder was developed
because it was initially mistakenly assumed that the ‘lime’
could be blown out of the tendon, comparably to kidney
stones, which are crushed and these fragments are then
discharged via the ureter. But it became apparent that it
was the effect on the tissue that induced healing and not
the ‘destructive’ effect of shock waves.

Loew et al in Heidelberg were the first to publish a
small series on ESWT for calcific shoulders. At the same
time, Rompe et al published a series with good results.?10,65
The different energy strengths and their different effects
on the ‘lime’ deposit were also dealt with shortly after-
wards.%¢ The breakthrough was achieved by Gerdesmeyer
et al,> who showed that high-energy (0.32 mJ/mm?2) pro-
duced better results than low-energy (0.08 m)/mm?2)
ESWT, but also that the low-energy ESWT was able to dis-
solve lime. Retrospectively this publication was probably
very decisive for the overall success of ESWT, because the
publication had a high degree of evidence and convinced
the experts. Another article by Cacchio, who carried out a
randomized controlled trial (RCT) comparing radial and
focusing ESWT showed better results (for the visual ana-
logue scale and the UCLA shoulder rating scale) for the
radial device.%” This assessment is not shared by all shock
wave users; rather, there is a predominant number of

users who see advantages for focusing ESWT especially in
tendinosis calcarean.586°

Epicondylitis radialis (tennis elbow)

The first major article on ESWT in radial epicondylitis was
published by Haake et al.3 who, however, included a bias
in the study. Nevertheless, ESWT in radial epicondylitis
quickly became established, but it certainly has the worst
results of any of the recognized indications. It is disap-
pointing that other forms of treatment such as cortisone
infiltrations have no better evidence apart from short-term
pain relief. ESWT at the elbow is often offered, but the evi-
dence has to be proven by upcoming studies.

Trigger points

Extracorporeal shock wave therapy has established itself in
trigger point therapy in recent years, with two types of appli-
cation being used: the extensive treatment of muscles and
fascia is usually performed with radial devices, the search for
trigger points and the static treatment of these is more likely
to be performed with focusing treatment with ESWT.70

Conclusions

Extracorporeal shock wave therapy has developed from
extracorporeal shock wave lithotripsy and is a non-invasive
form of treatment in musculoskeletal disorders. This review
article covers the basics of ESWT, including its historical
development, physical theoretical basic knowledge and dif-
ferent devices for application. A part of the article deals with
the effect of ESWT on cells and its molecular mechanisms.
Different indications such as bony indications: non-union,
delayed healing, osteochondrosis dissecans, osteonecrosis,
bone marrow oedema, plantar fasciitis, Achilles tendinopa-
thy, epicondylitis radialis and trigger points are described.
In our opinion, ESWT is a possible option in conservative
therapy for the indications mentioned in this review. How-
ever, this option should be reserved for orthopaedic spe-
cialists familiar with this therapy and these indications.
Nevertheless, further randomized trials are necessary to
improve the evidence in some areas.
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