
lable at ScienceDirect

Journal of Clinical Orthopaedics and Trauma 11 (2020) S309eS318
Contents lists avai
Journal of Clinical Orthopaedics and Trauma

journal homepage: www.elsevier .com/locate/ jcot
Review article
Extracorporeal shock wave therapy mechanisms in musculoskeletal
regenerative medicine

Claudio Lopes Simplicio a, Joseph Purita b, William Murrell c, Gabriel Silva Santos d, *,
Rafael Gonzales dos Santos d, Jos�e F�abio Santos Duarte Lana d

a Clinica Ortofisio, Avenida Brasil, 300 e Parque Hotel Araruama, Araruama, RJ, Brazil
b Institute of Regenerative Medicine, 200 Glades Rd suite 1, Boca Raton, FL, United States
c Emirates Integra Medical & Surgery Centre, Al Razi Bldg #64, Block F, Ground and 1st Floors, Dubai Healthcare City, Dubai, United Arab Emirates
d IOC e Instituto do Osso e da Cartilagem / The Bone and Cartilage Institute, Avenida Presidente Kennedy, 1386 e 2nd Floor, Room #29 e Cidade Nova I,
Indaiatuba, SP, Brazil
a r t i c l e i n f o

Article history:
Received 20 November 2019
Received in revised form
6 February 2020
Accepted 7 February 2020
Available online 12 February 2020

Keywords:
Regeneration
Inflammation
Shockwave
Musculoskeletal disorders
* Corresponding author. IOC e Instituto do Osso e d
Cartilage Institute, Avenida Presidente Kennedy, 138
Cidade Nova I, Indaiatuba, SP, 13334-170, Brazil.

E-mail addresses: drsimplicio@terra.com.br (C.L.
(J. Purita), doctormurrell@gmail.com (W. Murrell),
(G.S. Santos), rafaelgsantos01@gmail.com (R.G. dos S
com (J.F.S.D. Lana).

https://doi.org/10.1016/j.jcot.2020.02.004
0976-5662/© 2020 Delhi Orthopedic Association. All
a b s t r a c t

Extracorporeal shockwave therapy (ESWT) is a popular non-invasive therapeutic modality in the medical
field for the treatment of numerous musculoskeletal disorders. This technique first emerged around the
1980s as extracorporeal shockwave lithotripsy and has been studied since then for its application to-
wards orthopedics and traumatology. ESWT works by the emission of acoustic waves (shockwaves) that
carry energy and can propagate through tissues. Shockwaves can generate interstitial and extracellular
responses, producing many beneficial effects such as: pain relief, vascularization, protein biosynthesis,
cell proliferation, neuro and chondroprotection, and destruction of calcium deposits in musculoskeletal
structures. The combination of these effects can lead to tissue regeneration and significant alleviation of
pain, improving functional outcomes in injured tissue. Considering these facts, ESWT shows great po-
tential as a useful regenerative medicine technique for the treatment of numerous musculoskeletal
injuries.

© 2020 Delhi Orthopedic Association. All rights reserved.
1. Introduction

Extracorporeal shockwave therapy (ESWT) has become a pop-
ular non-invasive therapeutic modality in the field of orthopedics
and traumatology for the treatment of many musculoskeletal dis-
orders, including problematic soft tissue wounds. ESWT first
emerged around the 1980s as extracorporeal shockwave lithotripsy
(ESWL), a tool used to disintegrate renal stones.1 The essential
principle behind this technique revolves around the action of
shockwaves, which are rapid but short duration acoustic waves that
carry energy and can propagate through tissues.2 In contrast to
ESWL, the application of shockwaves in orthopedics (orthotripsy)
can be beneficial due to their ability to cause interstitial and
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extracellular responses which lead to tissue regeneration.3 In
general, ESWT bears positive effects in themanagement of cartilage
and bone diseases. This therapy has shown promising results in the
treatment of various musculoskeletal disorders, including tendi-
nitis, epicondylitis, plantar fasciitis, trocanteritis, and “jumper’s
knee”, as examples.3,4 Furthermore, its utility can also be applied
towards the treatment of non-union in long bone fractures, avas-
cular necrosis of the femoral head, chronic diabetic or non-diabetic
ulcers, ischemic heart disease and even erectile dysfunction.2,4

Acting as a mechanical stimulus, it is believed that ESWT pro-
motes healing via mechanotransduction.5 Reportedly, biological
responses include tissue regeneration, wound healing, angiogen-
esis and bone remodeling.5e9 Additionally, it may also alleviate
pain by means of hyperstimulation analgesia.10,11 Previous in-
vestigations have suggested that mechanotransduction seems to be
the major mechanism whereby ESWT triggers angiogenic and tis-
sue regeneration responses at cellular and molecular levels,
generating beneficial therapeutic effects in clinical scenarios.8,12

Although ESWT may be utilized to treat a variety of physical
problems involving musculoskeletal tissues, there may be different
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Fig. 1. The fundamental differences between focused and radial ESWT.
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mechanisms underpinning this technique, each playing a specific
role and contributing to the regenerative processes, collectively.

The motivation for this manuscript is to review the principal
mechanisms of action of shockwaves in the treatment of muscu-
loskeletal injuries from a standpoint of the regenerative potential of
ESWT.

2. Shock wave therapy: an overview

2.1. Brief history

It is well understood that shockwaves are pressure waves that
travel in a tridimensional path and normally induce an increase in
pressure in a matter of nanoseconds.4 As they are rapid waves,
there are rising positive pressure impulses that go from 5 to
120 MPa in 5 ns. Then, there is a decrease to negative pressure
values of approximately �20 MPa.13 In 1980, shockwaves were first
put to use in the field of urology to disintegrate renal crystal ag-
gregation. The promising results of urolithiasis raised researchers’
interest amongst the scientific community and the technique was
soon redirected towards pathological neocalcifications in muscu-
loskeletal disorders.1 In 1993, Loew and Jurgowski conducted initial
experiments on tendinosis calcarea of the shoulder.14 Enthesio-
pathic neocalcifications of tendon insertion area of plantar fascia
prompted the suitable intervention offered by physical principles of
ESWT in chronic plantar heel pain15. Originally, the low-energy
extracorporeal shock wave therapy was meant for the mechanical
disintegration of painful heel spur. Although the technique did not
successfully eliminate the spur, clinical studies have reported an
average success rate of 81% in managing painful plantar heel
spur.13,16 At least for plantar fasciitis, where ESWT is frequently
applied to, the success rate remained comparably superior to other
conservative and operative treatment alternatives.17 As an addi-
tional example, a randomized, placebo-controlled, double-blind
clinical trial18 evaluating the treatment of plantar fasciitis with
high-energy ESWT managed to demonstrate a clinically successful
treatment for pain alleviation in patients suffering from chronic
plantar fasciitis with safety and efficacy. Lateral epicondylits is
another common inflammatory disease that became a suitable
target for ESWTexperimentation. In comparison to plantar fasciitis,
epicondylopathy treatment was not as efficient, since it only
showed a success rate of approximately 60%.19,20 With the
emerging success of shockwave therapy, other tendinopathies were
soon included as manageable cases by ESWT, with rates of success
ranging from 60 to 80%.21 One noteworthy observation is that high-
energy shockwaves disrupt tissues altogether, so the intensities had
to be reduced in order to avoid damage.21

2.2. Parameters

Energy Flux Density (EFD) is the parameter referred to by pro-
fessionals based on the flow of shockwave energy through an area
with perpendicular orientation to the direction of propagation. The
unit of measurement is given in mJ/mm2. ESWT has been previ-
ously classified based on EFD with low (<0.08 mJ/mm2), medium
(<0.28 mJ/mm2) and high (<0.60 mJ/mm2) treatment intensities.22

It should be taken into consideration that there is no consensus in
the classification regarding EFD since the literature shows different
energy parameters reported in various studies. Despite this obser-
vation, clinicians typically resort to energy ranges from 0.001 to
0.4 mJ/mm2. Lower and medium EFD trigger the release of nitric
oxide (NO), which is beneficial due to its antalgic, angiogenetic and
anti-inflammatory effects in clinical settings.4 Higher EFD intensity
is usually recommended for the treatment of pseudoarthrosis, for
example, and yields about 72% success rate.4
2.3. Mechanics of shockwaves

It is well known that pressure waves, also called sound waves,
are oscillating mechanical waves with the ability to propagate
through solids, liquids and gases. As previously introduced,
shockwaves are a non-linear type of pressure wavewith a short rise
time; a shockwave lasts up to 10 ms.23,24 The positive and negative
phases of shockwaves exert certain effects on interfaces between
various tissues and their different densities. In the positive phase,
high pressure shockwaves may hit an interface and be reflected or
they may pass through and gradually become absorbed. During the
negative phase (also referred to as tensile phase), the shockwave
generates cavitation at the tissue interfaces, which results in the
subsequent formation of air bubbles. The air bubbles then implode
with high speed, producing a second wave of shockwaves or micro-
jets of fluid.23,24
2.3.1. Types of ESWT
Shockwave therapy is subdivided into two types: focused

shockwave therapy (FSWT) and radial shockwave therapy (RSWT).
FSWT features the generation of a pressure field that converges

in the adjustable focus at determined depths in specific tissues
where maximal pressure is achieved. Focused shockwaves can be
generated via three methods: electrohydraulic (EH), electromag-
netic (EM) and piezoelectric (PE).24 Due to the fact that the acoustic
impedance of water and biologic tissue is comparable, focused
shockwaves are generated in water. Therefore, reflection is limited
and propagation of waves into the body is facilitated. The similarity
between EH, EM and PE is that they all utilize water for the gen-
eration of focused shockwaves. The difference, however, is the
moment at which the shockwaves are formed. EH generators, for
example, produce shockwaves immediately after the spark gap,
whereas EM and PE generators have a slight delay in a matter of
nanoseconds by means of focuzation of waves.25

RSWT is described by the diverging pressure field of RSWT
devices, which reach maximal pressure at the source instead of
selected depths in tissues. Radial shockwaves are not generated in
water. Instead, they are generated upon acceleration of a projectile,
using compressed air through a tube which has an extremity con-
nected to an applicator. The projectile is accelerated until it collides
with the applicator and, subsequently, the pressure wave that is
generated is relayed into the body.26

The fundamental differences between the two types of shock-
wave therapy, as illustrated in Fig. 1 of this manuscript, are as
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follows. First and foremost, focused shockwaves reach their
maximal energy deeper in body tissues whereas radial shockwaves
have a more superficial aspect.24,26 McClure and Dorfmuller
demonstrated that RSWT devices generate pressure fields which
extend to 40mm inwater. Conversely, the pressure fields generated
via FSWT may penetrate a distance about twice as deep.27 These
observations do depend on the device and the energy settings that
are used, but the fact remains that focused shockwaves will still
propagate further and have more impact on tissues located deeper
in the body.

On a different perspective, some research28 points out that it
may be equivocal to refer to RSWT as an actual shockwave therapy
because, technically, such devices do not generate “real” shock-
waves. RSWT does not have the regular physical features of
shockwaves, such as short rise time, a high peak pressure and non-
linearity.23 This may be attributed to the fact that the speed of
sound in tissue is around 1500 m/s, whereas in RSWT the accel-
eration of the projectile yields proximal speeds of 20 m/s, which is
insufficient to generate a real shockwave.27 This is based on the
study28 conducted by Chitnis and Cleveland, who found that the
rise time of a wave generated from two electrohydraulic FSWT
devices was 25e40 ns, whereas for the RSWT device it was 600 ns.
While 25e40 ns is much longer than the usual 5 ns (as mentioned
in section 2.1) for the definition of shockwave, the EH-generated
waves displayed the physical features of a conventional shock-
wave, but the same was not true for the radial device in question.

3. ESWT mechanisms of action

From previous research,29 4 reaction phases of ESWT on tissue
have been proposed, as follows: physical, physicochemical, chem-
ical, and biological. Firstly, in the physical phase, shockwaves cause
a positive pressure to generate absorption, reflection, refraction,
and transmission of energy to tissues and cells.24 Additionally, it
appears that cavitation increases the permeability of cell mem-
branes and ionization of biological molecules. Secondly, in the
physicochemical phase, the physical stimulus leads to biochemical
reactions. ESWT triggers the release of biomolecules such as
adenosine triphosphate (ATP) for the activation of cell signaling
pathways.30 Thirdly, the chemical phase has shockwaves altering
the functions of ion channels in cell membranes and mobilization
of calcium.31 Lastly, the biological phase is where ESWT plays its
role in modulating angiogenesis, anti-inflammatory effects, and
healing of bone and soft tissue wounds.8,31

Interestingly, a study reported that low-energy ESWT also
stimulates a polarity shift in themacrophage phenotype fromM1 to
M2.32 This is particularly valuable for the inflamed cellular micro-
environment from a standpoint of the regenerative potential of
ESWT, because the macrophage expresses two major phenotypes.
These are M1 and M2, and may depend on the given chemical
signal.33 Since M1 is usually stimulated bymicrobial agents, it takes
on a pro-inflammatory role. Conversely, the M2 macrophage is
produced by the T-helper type 2 (Th2) immune response and ex-
hibits an anti-inflammatory property, typically characterized by an
increase in the biosynthesis of interleukins IL-4, IL-5, IL-9 and IL-13.
The type 2 response is known to be directly involved in regenera-
tive processes after injury and macrophages elicit their protective
role mainly by the promotion of angiogenesis via the release of
cytokines and growth factors.33 The M2 macrophage has also
shown stimulation of cell proliferation and repair through poly-
amine and collagen synthesis in addition to other tissue remodel-
ing functions, releasing IL-10 and IL-4. The M1 type on the other
hand displays microbicidal activity and inhibits cell proliferation,
releasing the inflammatory IL-6 and tumor necrosis factor-a (TNF-
a) cytokines.33
In addition to the aforementioned cellular effects, many studies
on ESWT for musculoskeletal infirmities have been performedwith
focused shockwaves, generating promising results. The positive
effects are broadly categorized as pain relief, tissue regeneration
and destruction of calcifications in tissues, which will be discussed
in detail in the subsequent sections of this manuscript.

3.1. Pain relief

It has been hypothesized that the biological effects of ESWT are
a consequence of mechanotransduction, a phenomenon which re-
lies on the action of ultrasonic vibrations on tissues, which then
lead to regeneration and healing.34 So far, there are two principal
hypotheses proposed to explain the analgesia induced by SW
treatment. One of them suggests that SWs degenerate nerve fibers
from small immunoreactive neurons, therefore decreasing the
concentration of pro-inflammatory mediators. The second mecha-
nism is theorized to cause analgesia via hyperstimulation, indi-
cating that SWs trigger the release of endorphins and other
analgesic molecules by activating the descending inhibitory sys-
tem.35 To elaborate, conditioned pain modulation remains an
experimental paradigm, dependent on the state of the descending
inhibitory system function. This means that in a standard noci-
ceptive system, for instance, the amount of pain generated by a
primary nociceptive stimulus will be reduced during and after the
presentation of a second nociceptive stimulus. This is due to the
activation of endogenous analgesia.36,37 Since the analgesic effects
of SWs are more prominent when the maximum energy density
tolerable by the patient is applied, it is therefore reasonable to
accredit analgesia to the activation of the descending inhibitory
system.38

García-Munti�on and colleagues coordinated a randomized
controlled trial39 evaluating the mechanisms of action of the
hypoalgesic effect of pressure under shock waves application. The
authors aimed to determine if the perceived pain intensity during
the application of SWs is a determinant mechanism in producing
hypoalgesic changes in pressure pain thresholds (PPTs) in asymp-
tomatic individuals before and after intervention. PPT was assessed
bilaterally at the lateral epicondyle, median nerve in the flexure of
the elbow, and tibia. The participants were allocated into three
groups: SW-mild pain (SW-DP), SW-moderate pain (SW-MP) and
cold pressor test (CPT) for conditioned pain modulation. It was
found that SWs only had hypoalgesic effects if the application
producedmoderate pain. Also, the SW-MP group revealed a greater
hypoalgesic effect in the contralateral limb of application than the
CPT group, whereas the CPT group obtained local hypoalgesic
changes concerning the SW-MP group. It is possible that the
hypoalgesic effect obtained after the application of SW could be
partially explained by the activation of the descending inhibitory
system.

Other studies performed on animals, however, suggest that
ESWTmay have an influence on pain transmission to the brainstem
by acting on substance P, calcitonin gene gene-related peptide
(CGRP) expression in the dorsal root ganglion, and on neuro-
vascular sprouting.10,11,22,40,41 In a rat model of Achilles Tendinop-
athy (AT), there was evidence indicating that ESWT triggered the
release of tenocyte-derived growth factors and increased expres-
sion of transforming growth factor b1 (TGF-b1) and insulin-like
growth factor 1 (IGF-1) in response to treatment.42 In regards to
tendinopathy, there is another important molecule produced via
the effects of shockwaves, which is lubricin. This mucinous glyco-
protein is particularly important for tendinous structures as it fa-
cilitates tendon gliding. Lubricin expression is upregulated by both
mechanical and biochemical stimuli.43 Elaborating further, the
elevated expression of TGF-b1mediated by SW has also been found
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to stimulate the expression of lubricin44, contributing to healing in
tendinopathy.42 These observations supported the long hypothe-
sized effect of ESWT in stimulating the expression of lubricin in
tendons, prompting researchers to carry on with additional in-
vestigations. Zhang and colleagues explored the effects of shock-
waves in tendons and septa of rats in 2011.45 The researchers
learned that increased lubricin deposition in tendons and septa
following the application of ESWT may convey beneficial effects.
Their conclusion was derived from the observation that the
expression of the endogenous lubricant was associated with facil-
itated movement among gross structures and collagen fascicles.
This would therefore allow protection from the “wear and tear”
process in treated tissues and alleviate pain45.

A fewmore studies on rats led to the hypothesis that application
of low-energy SWs to skin results in nearly complete degeneration
of epidermal sensory nerve fibers with a regeneration period of
about 42 days.46,47 To complement, it is also known that higher
levels of glutamate receptors and vascular endothelial growth
factors (VEGF) exist near the nerves of patients with painful AT,
implying an increase in nociceptive nerve fibers and
neovascularization.47

A first prospective, randomized, double-blind, placebo
controlled clinical trial conducted by Palmieri et al., in 2009 aimed
to investigate the effects of ESWT in patients with peyronie’s dis-
ease (PD).48 The authors administered four weekly treatment sec-
tions with 2000 focused shock waves each. In the placebo group, a
nonfunctioning transducer was employed. The results showed that
after 12 weeks mean (Visual Analogue Scale) VAS score, mean
(International Index of Erectile Function) IIEF-5 score, and mean
QoL (quality of life) score ameliorated significantly in the treatment
group. Overall, Palmieri et al. concluded that in their particular
study, ESWT led to pain resolution and ameliorated erectile func-
tion and QoL in patients with PD.

3.2. Tissue regeneration

The hypothesis of ESWT leading to tissue regeneration seems
plausible and does match with the principles of mechano-
transduction. Mechanical load applied on the cytoskeleton stimu-
lates cellular responses and an increase in protein biosynthesis.5

3.2.1. Protein biosynthesis and proliferation
A controlled laboratory study7 by Vetrano and colleagues on a

primary culture of human tenocytes aimed to investigate whether
the effects of ESWT could affect the behavior of the cells over a 12-
day period. It was shown that ESWT influences the overall cell
morphology by impeding the dedifferentiation of cells. This means
that ESWT may impart a protective role on tenocytes, in this case
maintaining their original properties. Furthermore, the authors
performed an MTT colorimetric assay and learned that shockwaves
mediated cellular growth due to the detection of significant levels
of the Ki67 proliferation marker. Lastly, they also saw a significant
increase in ESWT-induced collagen type I synthesis in tenocytes
compared to controls. Overall, this particular in vitro study
demonstrated the encouraging effects of ESWT on cell growth and
protein synthesis, suggesting a regenerative medicine potential.

Another similar in vitro study49 evaluated the biologic effects of
ESWT on affected human tenocytes. Han and colleagues hypothe-
sized that the production of pro-inflammatory cytokines and ma-
trix metalloproteinases (MMPs) would be down-regulated
following the application of ESWT on diseased Achilles tendon
tissue and healthy flexor hallucis longus tissues. The researchers
found higher levels of MMPs and interleukins in affected tenocytes
in comparison with normal cells. After applying ESWT, they re-
ported a diminished expression of several tendinopathy-associated
MMPs and interleukins which can interfere with regular cellular
function. This suggests another important mechanism whereby
ESWT may play an appreciable role in supporting restoration of
diseased human tissues.

A double-blind, randomized clinical trial50 conducted by Ras-
mussen and colleagues in 2009 determined to compare the effect of
supplementing conservative treatment of chronic AT with ESWT or
placebo. The authors recruited 48 patients; the individuals assigned
to nonoperative treatment of chronic AT were randomized to
receive either active ESWTor sham ESWT over 4 weeks. The AOFAS
(American Orthopaedic Foot and Ankle Society) score and pain
were assessed before treatment, during the 4-week treatment
period, and at 4, 8, and 12 weeks of follow-up. Upon interpreting
results, the authors concluded that both groups improved during
the treatment and follow-up period. The mean AOFAS score went
from 74 to 81 in the placebo group, whereas in the treatment group
it went from 70 to 88. At 8 and 12 weeks of follow-up, better results
were observed (p ¼ 0.01 and p ¼ 0.04, respectively) in the treat-
ment group, suggesting that ESWT may be a clinically relevant
supplement to conservative treatment of tendinopathy.

Reported animal studies also show the benefits of ESWT. Bosch
and collaborators previously evaluated the effect of focused
shockwaves on collagen matrix and gene expression in normal
tendons and ligaments51 as well as the effects on the biochemical
composition and metabolic activity of tenocytes in normal tendi-
nous structures in ponies.52 The first study demonstrates that
exposure of normal tendinous tissue to ESWT triggers a disorga-
nization of matrix structure and alterations in degraded collagen
levels. Additionally, the up-regulation of collagen type I expression
6 weeks after ESWT treatment was noticed, which may further
reinforce the repair mechanism. The second study revealed a
transient stimulation of metabolism in equine tendinous structures
shortly after treatment. In the explants harvested 3 h after shock-
wave application, glycosaminoglycan (GAG) and protein syntheses
were significantly increased. Biochemically, the level of degraded
collagen was increased 3 h post-treatment. However, at the sixth
week following the procedure, all measured parameters were
decreased. Metabolic activity and collagen and GAG contents all
suffered a significant decrease; GAG levels turned out lower than
the ones from untreated control limbs. The bottom line: the stim-
ulating effects of ESWT might advance the initiation of the healing
process in soft tissue injuries in the short-term, whereas in the long
run, the effects appear to be less valuable.

Weihs et al. also made remarkable contributions regarding the
effects of shockwaves on proliferation, further clarifying tissue
regeneration mechanisms.30 In their in vitro study, the authors
utilized an electrohydraulic shockwave device and applied a rela-
tively low intensity to the cultured cells in suspension. Their
objective was to investigate the activation of specific signaling
pathways and the subsequent biological effects. It was learned that
extracellular ATP was released in both an energy- and pulse
number-dependent manner. In this particular setting, ESWT trig-
gered the release of ATP, increased activation of Erk1/2 and p38
MAPK signaling pathways, enhancing proliferation of three
different types of cell lines. Furthermore, the researchers praise
purinergic signaling as it induces Erk1/2 pathway activation, which
appears to play pivotal role in the proliferative effect.

In addition to proliferation, purinergic signaling is also appre-
ciated for its participation in other cellular events such as motility,
differentiation, regeneration, and apoptosis.53 Stimulated cells
release ATP, and this molecule can bind to P2X and P2Y purinor-
eceptors, which are known as ion channels, and G-protein coupled
receptors, respectively.53 As previously mentioned, purinor-
eceptors are valuable to the complex signaling pathways. Adequate
receptor binding secures progression of the signaling cascade,
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enabling eventual expression of certain target genes associated
with the promotion of stem cell proliferation, for example, and
tissue regeneration. This process is illustrated by Fig. 2.
3.2.2. Vascularization
In addition to the effects previously discussed, ESWT-induced

neovascularization and improvement of blood flow may also
potentialize the regenerative properties of this technique. In painful
tendinopathies, for example, it is possible to employ the use of color
or power Doppler to detect blood flow in tendons. Power Doppler
ultrasound (PDU) and color Doppler are simple, non-invasive tools
used to analyze blood vessels, aiming to quantify neo-
vascularization or hypervascularity.54

A study published by Santamato and colleagues55 aimed to
evaluate the effect of focused ESWTon pain and function in patients
suffering from non-insertional Achilles tendinopathy. The authors
focused on the neovascularization aspect using PDU at 1 and 3
months post-treatment to describe the focused ESWT-mediated
impacts on clinical outcome, if any. The selected participants
received five sessions over 35 days, at 0.12 mJ/mm2 via electrohy-
draulic focused ESWT. The device applied 1600 pulses per session
at a set frequency of 4Hz, with a probewith a depth of 5 mm for the
applicator head to treat the affected area. After analyzing the results
the authors learned that, at least in that particular occasion, even
with the aid of PDU they did not detect any significant increase in
number of vessels. In spite of causing significant pain reduction and
improvement of functionality, only 1 of the 12 patients enrolled in
the study exhibited prominent neovascularization.

While in humans it may be somewhat difficult to determine
neovascularization effects, experiments in rabbits conducted by
Wang CJ and co-workers revealed that ESWT application caused
neovascularization associatedwith up-regulation of angiogenic and
osteogenic growth factors, including endothelial nitric oxide syn-
thase (eNOS), vascular endothelial growth factor (VEGF),
Fig. 2. The cell signaling pathways
proliferating cell nuclear antigen (PCNA), and bone morphogenetic
protein-2 (BMP-2) at the tendonebone junction of the Achilles
tendon in rabbits.8,56 The authors reported that, 1 week post-
procedure, there was an increase in neo-vessels, which plateaued
around the fourth week and then persisted through 12 weeks.
Additionally, the up-regulation of eNOS, VEGF and BMP-2 was
significantly increased in one week, reaching a peak value at week
12 until it slowly dropped to baseline by the end of that period.
PCNA values began to rise 1 week after ESWT treatment and
reached the highest value at 12 weeks. To reiterate, these results
mean that shockwaves promote the ingrowth of neovascularization
one week post-treatment, an effect which persists even 12 weeks
further. This is also explained by the persistent elevation of PCNA at
12 weeks after ESWT application.
3.2.3. Neuroprotection
Previous studies have demonstrated the potential mechanisms

of low-energy ESWT for preservation of neuronal and vascular
function in many animal models. More specifically, it has been
shown that in low intensity, ESWT can: induce the release of VEGF,
suppress apoptosis, and reduce the axonal damage derived from
nerve injury57; promote nerve innervation in bladder and skin
tissues46,58; induce the expression of growth-associated protein 43
as well as activating transcription factor 3, stimulating neurite
sprouting from injured ganglia59; and activate and induce the
proliferation of Schwann cells, which play a key role in axonal
maintenance and support the regeneration of nerves.60 In partic-
ular, low-intensity ESWT (Li-ESWT) seems quite beneficial due to
its reported potential to stimulate numerous signaling pathways,
affecting transcription and modification of intracellular proteins.
Examples include: focal adhesion kinase (FAK), extracellular-
signal-regulated kinase (ERK), Wnt, ATP/P2X7, protein kinase R-
like endoplasmic reticulum kinase/activated transcription factor
(PERK/ATF), vascular endothelial growth factor (VEGF), and brain-
activated by ESWT application.
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derived neurotrophic factor (BDNF).61

In 2014, Yamaya and collaborators set out to investigate what
effects, if any, low-intensity ESWT (Li-ESWT) produced on VEGF
expression, neuroprotection and amelioration of locomotor recov-
ery after spinal cord injury (SCI).62 The authors selected 60 adult
female Sprague-Dawley rats which were randomly divided into 4
groups, as follows: sham group (laminectomy only), sham-SW
group (low-energy ESWT applied after laminectomy), SCI group
(SCI only), and SCI-SW group (low-energy ESWT applied after SCI).
The rats suffered spinal cord contusion injury, which was inflicted
via the use of an impactor. Low-energy ESWT was then applied to
the injured area 3 times a week for 3 weeks. In order to elaborate
the results, the authors performed evaluation of locomotor func-
tion, histological and immunostaining analyses, and real-time po-
lymerase chain reactions to detect the mRNA expression of specific
proteins. Overall, their results revealed that low-energy ESWT
significantly increased expressions of VEGF and Flt-1 in the spinal
cord without any detrimental effect. Additionally, the authors also
detected significant reduction in neuronal loss in damaged neural
tissue as well as the improvement of locomotor function after SCI.
These observations indicate that Li-ESWT may enhance the neu-
roprotective effect of VEGF in reducing secondary injury, leading to
better locomotor recovery following SCI.

The illustration and summary provided by Fig. 2 and Table 1,
respectively, indicate the biologic potential of ESWT to provoke
molecular alterations. This promotes the expression of certain
target genes associated with cellular events such as growth, pro-
liferation, migration, differentiation, survival and even angiogenic
responses, which are indispensable for wound healing and tissue
repair.

3.2.4. Chondroprotection
There are many studies evaluating the effects of ESWT on

cartilage with differing opinions. In 2010, Mayer-Wagner and col-
leagues demonstrated in their in vivo study that high-energy ESWT
(single bout; 1500 shock waves of 0.5 mJ/mm2) affected the
structural integrity of articular cartilage.63 The authors analysed
chitinase 3-like protein 1 (Chi3L1) and Tenascin-C, both showing
expression signals indicative of reorganization in matrix protein
composition connected to cartilage injury at 10 weeks after high-
energy ESWT in the treated group. Collagen (II) alpha (1)
Table 1
Li-ESWT signaling pathways summary.

Signaling pathway Biological role

LIN Regulates cell fate and morphogenesis
GSK-3b Cell proliferation, migration, glucose regulation and apop
В-Cat Regulation and coordination of cell-cell adhesion
FAK Cell migration and angiogenesis
Src Regulates cellular growth, proliferation and differentiatio
PI3K/AKT/mTOR Regulates cell cycle; proliferation of neural stem cells
TSC2 Regulates cell size
MAPK/ERK (RAS/RAF/MEK/

ERK)
Promotes gene expression for cell growth and survival. As
angiogenesis

SOS The SOS proteins interact with Ras proteins, promoting g
GTP complex

GFR Induction of cell differentiation and proliferation
Hsp90 Assists protein folding, intracellular transport, maintenan
eNOS Promotes multiple phosphorylation of cellular targets low
Ca2þ Exerts regulatory effects on enzymes and proteins. Activa

roles

Abbreviations: Beta-catenin (b-Cat), Phosphoinositide 3-kinases (PI3Ks), Protein kinase
(GSK-3b), Focal Adhesion Kinase (FAK), mechanistic/mammalian target of rapamycin (m
(TSC2), Calcium ion (Ca2þ), Endothelial nitric oxide synthase (eNOS), Rapidly Accelerated
Growth Factor Receptor (GFR), Rat Sarcoma (Ras) protein, heat shock protein 90 (Hsp90)
regulated kinase (ERK), Son of Sevenless (SOS), Vascular Endothelial Growth Factor (VEGF
a purinergic receptor.
(COL2A1) mRNA was increased at 1 week and 4 weeks after ESWT
treatment. The researchers found alterations on the ultrastructural
level, such as expansion of the rough-surfaced endoplasmatic re-
ticulum, detachment of the cell membrane and necrotic chon-
drocytes. Additionally, high-energy ESWT was also responsible for
hyaline cartilage alterations on a molecular and ultrastructural
level that were notably different from control cartilage. Interest-
ingly, similar alterations have been described before, matching the
early phases of osteoarthritis (OA). This particular study proposes
that high-energy ESWT might therefore be detrimental to cartilage
due to the degenerative effects it imparted on hyaline cartilage,
similar to the ones found in the onset of OA.

Speaking of OA, the biological effects of ESWT for the treatment
of this disorder have been investigated by other authors. Studies
revealed that application of shockwaves to the subchondral bone of
the medial tibial condyle showed time dependent and site specific
chondroprotective effects in the initial progression of osteoarthritic
alterations of the knee in rats.64e66 In additional studies with
murine subjects, Wang CJ and colleagues detected significant in-
creases in VEGF, BMP-2 and osteocalcin levels in the subchondral
bone as compared to the control at week 2, 4, 8, and 12. The most
beneficial effect of ESWT in the osteoarthritic knees occurred at 4
weeks post-treatment and persisted until week 12.64

Furthermore, in 2014, Wang CJ and collaborators demonstrated
that osteoporosis (OP) increased the severity of chondral damage in
knee OA.67 Upon application of ESWT as a treatment modality,
effectiveness in the reduction of osteoporotic osteoarthritis of the
knee in rats was observed. The authors selected fifty-six 8-weeks-
old female SpragueeDawley (SD) rats, which were randomly
divided into 7 groups, each containing 8 rats, according to Table 2.
Regarding methodology, the authors planned 800 impulses of
shockwave with an EFD of 0.22 mJ/mm2, which were delivered to
the proximal medial tibial condyle at 0.5 cm below the joint line
and 0.5 cm from the medial skin edge in a single session.

Summarizing their results, Wang CJ et al. report that ESWT
showed effectiveness in the reduction of osteoporotic osteoarthritis
of the knee in rats. Via immunohistochemical analysis, they
observed that Dickkopf-related protein 1 (DKK-1), a central regu-
lator of osteoblast activity, was significantly higher in OA, and
OA þ OP groups, but not in the OP group as compared with the
sham group. ESWT significantly decreased the DKK-1 expressions,
tosis

n

sociated with cell migration and wound healing and tissue repair via stimulation of

uanine nucleotide exchange (GDP/GTP turnover) and formation of the active Ras-

ce and facilitates other signaling pathways
ering cellular Ca2þ concentrations and promoting vascular relaxation

tes ion channels and may act as a second messenger in wide-ranging physiological

B (also known as Akt), Lineage variant gene (LIN), Glycogen synthase kinase 3 beta
TOR), Proto-oncogene tyrosine-protein kinase (Src), Tuberous Sclerosis Complex 2
Fibrosarcoma (RAF) protein kinase, Mitogen-activated protein kinase kinase (MEK),
, guanosine diphosphate (GDP), guanosine triphosphate (GTP), extracellular-signal-
), Adenosine triphosphate (ATP); Brain-Derived Neurotrophic Factor (BDNF); P2X7 is



Table 2
Treatment design.

Group Treatment

1 e Sham Laparotomy
2 e OA ACLT and MM of the left knee
3 e OP Bilateral ovariectomy
4 e OA þ OP ACLT and MM of the left knee and bilateral ovariectomy
5 e OA þ ESWT ACLT þ MM of the left knee and ESWT
6 e OP þ ESWT Bilateral ovariectomies þ ESWT
7 e OA þ OP þ ESWT ACLT and MM of the left knee, bilateral ovariectomies, and ESWT

Abbreviations: Anterior Cruciate Ligament Transection (ACLT), Medial Meniscectomy (MM).
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as compared with those without ESWT. DKK-1 expression was
significantly higher in the OA þ OP group than in the OA group and
decreased after ESWT. PCNA, VEGF and BMP-2 were significantly
decreased in the OA, OP, and OA þ OP groups, and the data
increased after ESWT as compared with those without ESWT.
Overall, their study showed that early intervention with relatively
moderate energy ESWT significantly reversed osteoarthritic alter-
ations and resulted in chondroprotective effects in the rat knee.
3.3. Bone healing

The effects of ESWT on bone have been investigated with
regards to fracture healing in both human and animal models.2,8

Previous experiments involving animals revealed the positive ef-
fects of ESWT in promoting bone healing in cases of acute fracture
and chronic non-union.68,69 Mechanotransduction seems to be
underlying mechanism which allows ESWT to propagate energy
into cells, stimulate the bone lacunae-canalicular network and
convert the physical stimulus into biochemical signals.70 Addi-
tionally, it has been theorized that shockwaves produced micro-
fractures which would then lead to the formation of hematomas,
callus formation and, ultimately, fracture healing.56 While these
principles sound plausible, the literature lacks a significant number
of studies to address the theory. On the other hand, some studies
have illustrated the significant promotion of bone healingmediated
by ESWT after fracture and tendon-to-bone healing in bone
tunnel.56,71

Previously, Wang CJ and colleagues investigated the biological
effects of ESWT on bone healing in a rabbit model.56 The authors
gathered 16 rabbits and randomly divided them into study and
control groups with an even distribution, where the study group
received ESWT treatment whereas the control group did not.
Before treating the animals, an intra-medullary pin was inserted
retrograde into the femur canal, and a closed fracture of the femur
was created with a three-point bend method. After analysis, Wang
CJ learned that the ESWTgroup displayed prominent bone strength
in the biomechanical aspect and enhanced cortical bone formation
via histomorphological examination. Additionally, the results also
indicated an increase in the number of neo-vessels as well as
angiogenic and osteogenic growth markers, such as VEGF, eNOS,
PCNA, and BMP-2 on immunohistochemical stains. These results
prove that ESWT is able to significantly improve bone healing and
formation of cortical bone after induction of fracture, at least in
leporine femora.

Others have evaluated the potential of ESWT for the treatment
of osteonecrosis of the hip joint.72e74 In 2008, Wang CJ et al. con-
ducted a study and revealed that ESWT promoted regeneration in
hip necrosis.75 Histopathological analysis indicated that patients
whose hips were treated exhibited more viable bone and less ne-
crosis, higher cell concentration and increased cellular activity,
including phagocytic cells. On the molecular level, ESWT promoted
a significant increase in vWF, VEGF, CD 31, Wnt3 and PCNA, whilst
decreasing vascular cell adhesion molecule (VCAM) and DKK-1 in
comparison to those without ESWT before surgery.

In 2011, Yin TC and colleagues further investigated this medical
tool and combined the application of harvested bone marrow
stromal cells (BMSCs) and shockwaves.74 The authors collected the
cells from the bone marrow cavity of the proximal femur in six
patients with osteonecrosis. The ESWT treated group showed sig-
nificant increases in cell proliferation, VEGF, alkaline phosphatase,
BMP-2, runt-related transcription factor 2 (RUNX2) and osteoclast
in mRNA expressions. This study revealed the strong potential of
ESWT in significantly augmenting angiogenic and osteogenic ef-
fects of specific cells.

Regarding safety and efficacy of this technique applied to bone
tissue, studies have been conducted but no shockwave-induced
crack or micro-damage was noted on bone. On the contrary, it
has been suggested that augmented bone formation may be
attributed to shockwave-sensitive osteogenesis instead of damage
to the bone architecture.76 Some authors further demonstrated the
benefits of ESWT in bone healing. Remarkable observations were
the acceleration of fracture healing with improvement of neo-
vascularization and increased synthesis of angiogenic and osteo-
genic growth factors including eNOS, VEGF, PCNA and BMP-2.56

Wang FS et al. revealed that ESWT activates transcription of oste-
ogenic and angiogenic factors such as Cbfal/Runx2, HIF-1a and
VEGF in osteoblasts.77,78 Similarly, Martini and colleagues also
evaluated the biological effects of shockwave therapy on human
osteoblast-like cells. The authors reported an elevation in nitric
oxide, which promoted cellular proliferation and differentiation.79

Undeniably, ESWT triggers multiple biological responses which
significantly contribute to the bone healing process.
3.4. Calcified tendinopathy

Calcified tendinopathy (CT) of the rotator cuff structure seems to
be the most common condition in shoulder pathology. This disor-
der is characterized by a reactive calcification that affects tendons
which are part of the rotator cuff.80 The reported prevalence re-
mains from 2.7% to 22% and women aged between 30 and 50 years
of age aremost affected by this condition.81 There are two proposed
pathogenic processes that lead to the formation of calcium deposits
in the rotator cuff; one process involves a degenerative calcification,
where the degeneration of the tendon fibers precedes calcification;
and the other event is the reactive calcification, a process which is
actively mediated by cells in a viable environment.80

Calcified tendinopathy is given in 3 distinct stages: precalcific,
calcific and post-calcific. In the first stage, tendinous tissue is
altered into fibrocartilage via the action of several factors which
stimulate a metaplastic change of the tenocytes into chondrocytes.
The second stage is subdivided into three phases: formation,
resting and resorption, which are characterized by deposition of
amorphous calcium phosphate followed by vascularization and,
lastly, by resorption, which coincides with significant clinical pain.
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The final stage is characterized by collagenization of the lesion by
fibroblasts.82 Intra-operatively, CTs usually appear as a sandy mass
or viscous fluid, or even as an amorphous mass composed of small
circular bodies.83 The material identified in calcium deposits hap-
pens to be calcium carbonate apatite, which has been further
classified as an A and B-type apatite.84 A study85 of the chemical
components in CT revealed that both types of carbonate apatite
varied in quantities during the formative, resting and resorption
phases of the disease progression. Histochemically, extracellular
matrix (ECM) vesicles have been detected near the calcified depo-
sition of the rotator cuff. A possible explanation for this observation
is that, normally, the vesicles are inhibited from mineralization;
however, in the presence of any pathology, the inhibitory stimulus
may be lost, therefore, the vesicles undergo mineralization.86,87

CT remains primarily asymptomatic in the majority of patients,
but when it does become symptomatic, it is reported that the pain
is extremely severe and debilitating, especially during the acute
phase.88,89 In CT, nociception appears to be a result of an inflam-
matory response to the local chemical pathology or to direct me-
chanical irritation.82 Pain related to calcium deposition has been
previously classified as follows. Firstly, the pain may be a result of
the chemical irritation of the tissue in response to the presence of
calcium. Secondly, pain is caused by tissue pressure as a result of
swelling. The third type is an impingement-like pain caused by
bursal thickening or irritation by the deposit itself. Lastly, the fourth
type of pain is triggered by a chronic stiffening of the glenohumeral
joint as a result of prolonged immobilization by the patient trying
to avoid possible irritation by the deposits with abduction or
overhead activities.82 A study published by Gotoh M and col-
leagues89 proposed that certain mechanical and chemical factors
could be the source for noxious stimuli which induce increased
amounts of substance P, a neuropeptide involved in pain trans-
mission. This neuropeptide has been shown to affect the afferent
nerves.

Peters and colleagues90 aimed to investigate clinical and
radiological efficacy of different energy levels of ESWT in calcific
tendinitis of the shoulder. The researchers selected 90 study sub-
jects with radiographically verified calcific tendinitis of one
shoulder. The individuals were allocated to three groups to receive
ESWT at either E1- 0.15 mJ/mm2 or E2- 0.44 mJ/mm2, or the sham
treatment for 6 weekly intervals until symptoms resolved. It was
found that participants from the E1 group presented significantly
less pain during treatment but more treatments compared to E2
and at 6 month follow-up showed residual calcification and
recurrence of pain (87%). The individuals from E2 group had no
residual calcification or recurrence of pain; sham treatment was
ineffective. No extreme side effects were reported except for a small
number of hematomas in some cases. Overall, their study demon-
strates that the medical application of ESWT for CT of the shoulder
is significantly effective and safe at 0.44 mJ/mm2.

A prospective study91 aimed to explore whether ESWT was
effective and efficient over the long term by recruiting 115 patients
with CT and treating them with high-energy ESWT by 2 different
protocols over 4 years. The patients were divided into 2 groups in
order of enrollment in the study. In group A, individuals received
one session of 2000-impulse high-dose shockwaves, whereas par-
ticipants from group B received 2 sessions of the same treatment
modality 1 week apart; the procedure was performed with an
electromagnetic lithotripter. Results showed significant relief of
pain (P < 0.001) and patient satisfaction in both groups. The per-
centages with partial or complete resorption of the calcification in
groups A and B were 30% and 52% at F1, 47% and 77% at F2, and 93%
for both groups at F3 time intervals, respectively. F1, F2 and F3
represent 3 months, 6 months and 4 years after therapy, in that
order. Another significant result was the difference in radiologic
alterations between the 2 groups after 6 months (P < 0.046). With
their study, Daecke and co-workers were able to confirm the
effectiveness of ESWT in CT of the shoulder and propose the
importance of dose-dependent therapy for significant results. The
authors also emphasize that, much like surgical procedures, ESWT
should be considered only when an adequate conservative
approach to treatment of chronic pain associated with a dense and
distinctly outlined calcific deposit remains unsuccessful. This seems
even more promising to patients who favor non-operative
alternatives.

A 2017 retrospective clinical study92 conducted by Malliar-
opoulos et al. aimed to evaluate an individualized radial ESWT
protocol for the treatment of symptomatic calcific shoulder ten-
dinopathy. The authors gathered 67 patients and included 76
shoulders for analysis, to which radial ESWT treatment protocol
was applied. Variables considered were number of sessions,
shockwave impulses, pressure and frequency. Results showed sig-
nificant decreases in VAS scores in all consecutive follow up stages,
with 52% reduction in mean VAS immediately post treatment, 62%
at 1 month and 75% at 3 months. Additionally, it was also observed
that the treatment became increasingly successful over time, going
from a 12% success rate immediately post-treatment to a 92%
success rate at 1-year follow-up. Improvement in symptoms was
maintained at 1 year with an 88% mean VAS reduction from
baseline at 12 months. The 1-year recurrence rate was 7%, where
93% of the shoulders presented no further symptoms that required
additional treatments. In summary, the authors demonstrate high
success rates and low recurrence rates at1 year follow up after
administration of radial ESWT for CT.

A similar study93 recently published by Wu and co-workers
evaluated the efficacy of ESWT on calcified and noncalcified
shoulder tendinosis in a total of 20 patients. The patients were
allocated into the three following groups: noncalcified tendinosis
(NCTS), type I dense calcified tendinosis of shoulder (DCTS), and
type II and type III translucent calcified tendinosis of shoulder
(TCTS) according to Gartner and Heyer classification. Much like the
previous study, the researchers learned that the VAS scores
decreased significantly. Regarding functional outcome, significant
differences were found in pain reduction and functional improve-
ment 12 months after ESWT, with the TCTS group exhibiting the
greatest reduction in VAS scores compared to NCTS and DCTS
groups. Overall satisfaction showed that 70% of the patients were
complaint-free in the TCTS group, much higher than the NCTS and
DCTS groups with 15% and 25%, respectively. In summary, their
study further indicates the efficacy of ESWT for the management of
calcified musculoskeletal structures.
4. Conclusion

In the present study, the authors review and discuss the prin-
cipal biological mechanisms triggered by the application of extra-
corporeal shockwaves therapy to support the treatment of
musculoskeletal injuries as a regenerative medicine technique. This
non-invasive, medical procedure is capable of triggering cellular
and molecular alterations that assist the regeneration of injured
tissues. ESWT is mainly responsible for: pain relief, by acting
directly on nerve fibers; tissue regeneration by stimulating vascu-
larization; and reduction of calcium deposits in tissues. Numerous
publications have proven the efficacy and safety of both radial and
focused ESWT for the treatment of many musculoskeletal disor-
ders, including osteoarthritis and different types of tendinopathies.
ESWT should be considered in severe cases where conventional
treatments prove to be of little success, especially in patients who
prefer non-operative alternatives.
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