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A review of the cellular and
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Summary

Extracorporeal shockwave therapy (ESWT) is
a novel therapeutic modality and its use in
promoting connective tissue repair and anal-
gesic effect has been advocated in the litera-
ture. It is convenient, cost-effective, and has
negligible complications; it therefore bypass-
es many of the problems associated with sur-
gical interventions. This paper reviews the
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Introduction

Extracorporeal ~ shockwave  therapy
(ESWT) is an acoustic pressure disturbance
that can be converted into mechanical
energy (1, 2). It was originally used in litho-
tripsy in the 1980s whereby high-energy
shockwaves were used to mechanically
break up kidney stones in the urinary sys-
tem (3). An observed side effect of the li-
thotripsy treatment was increased bone
mineral density in the treatment area
which subsequently led to its application in
orthopaedics where it was demonstrated
that ESWT increased osteogenic activity to
enhance fracture healing (4). Extracorpor-
eal shockwave therapy seems a promising
therapy for musculoskeletal disorders in
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proposed mechanisms of action in promoting
tissue repair and regeneration as well as
analysing its efficacy providing an analgesic
effect in clinical applications. Further re-
search will be required to not only identify
the underlying mechanisms more precisely,
but will also be critical for ensuring consist-
ency across the literature so that the most
beneficial treatment protocol can be devel-
oped. Extracorporeal shockwave therapy
stands as a promising alternative modality in
promoting tissue repair.
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both human and veterinary medicine as it
is non-invasive and it bypasses many of the
risks and costs associated with surgical in-
tervention (2). As a result, research into the
mechanisms and effects of ESWT has ad-
vanced rapidly and it has been increasingly
used to treat bone injuries and other soft
tissue disorders of the musculoskeletal sys-
tem in humans and animals.
Extracorporeal shockwave therapy is
emerging as a popular choice of treatment
in human medicine and its increasing ac-
ceptance in Europe, South America, Asia
and North America demonstrates its po-
tential within the orthopaedic field (2). The
U.S. Food and Drug Administration ap-
proved the first ESWT device for use in
human patients as a safe treatment moda-

lity for plantar fasciitis in 2000 and for lat-
eral epicondylitis in 2002. Extracorporeal
shockwave therapy has shown beneficial
therapeutic effects in treating plantar fibro-
matosis, calcific tendinitis of the shoulder,
and lateral epicondylitis of the elbow
(5-16). Functional restoration was achiev-
ed in 88% of subjects suffering from calcific
tendinitis of the shoulder and in 90% of
those with lateral epicondylitis of the
elbow, demonstrating that ESWT is a use-
ful alternative to surgical intervention (15,
17). In contrast, Wilner and Strash showed
that ESWT had little or no benefit in im-
proving both pain and function for lateral
elbow pain, highlighting the controversy
surrounding the use of ESWT and that
further research is required (18).

It has more recently been used to treat
chronic Achilles tendinopathies and patel-
lar tendinopathies (11, 19-26). Patellar
tendinopathies improved in both pain and
function and produced superior results
when compared to surgical intervention
(22, 24-26). Extracorporeal shockwave
therapy has been used as a non-invasive
option to treat avascular necrosis of the fe-
moral head and non-union or delayed
bony union (27-35). Angiogenesis and
bone remodelling were demonstrated after
ESWT for avascular necrosis of the femoral
head along with significant improvements
in hip function although the long-term ef-
fects are yet to be established (28-32).

Reports in the clinical veterinary litera-
ture suggest that ESWT is a beneficial
treatment for a variety of diseases, although
results are equivocal and may depend on
the condition. In early studies, it was used
successfully to treat osteoarthritis of the
hip in dogs but outcomes were less clear in
dogs with longstanding stifle joint arthritis
(36, 37). It has been shown to be beneficial
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in the treatment of suspensory desmitis in
horses (38, 39). Additionally, a recent pilot
study demonstrated that ESWT improved
cartilage and subchondral bone quality in a
rabbit osteochondrosis dissecans model
(40). After a collagenase-induced injury to
the suspensory ligament in horses, ESWT
resulted in a significantly faster healing rate
and smaller lesions after three treatments
over nine weeks (41). More recently, dogs
having tibial plateau levelling osteotomy
surgery were administered focused ESWT
or sham treatment and ESWT was found to
be associated with better radiographic
healing scores at four weeks, although the
differences between treatment groups were
non-significant at eight weeks (42). Like-
wise, after tibial tuberosity advancement
surgery, ESWT as an augmentative treat-
ment with autogenous bone grafts im-
proved osteotomy gap density at four
weeks, but the improvement was insignifi-
cant at eight weeks in comparison to grafts
alone, ESWT alone, or no augmentative
therapy (43). In contrast, kinetic gait analy-
sis identified a 10% increase in vertical
force measurements, alongside improve-
ments in pain and subjective gait score
after radial ESWT to one limb with os-
teoarthritis of the hip, in comparison to the
control limb which did not change (44).
Extracorporeal shockwave therapy is
known to have a number of mechanisms of
action on connective and other tissues. Ni-
tric oxide (NO) is a free radical that acts as
a second messenger in many pathways and
plays an important role in healing (45).
Shockwave stimulates an anti-inflamma-
tory response, possibly by enhancing either
non-enzymatic or enzymatic production of
NO, thereby keeping local NO concen-
tration at physiological levels in the early
stages of inflammation (46). Bone mor-
phogenetic proteins (BMP) induce carti-
lage and bone formation, and ESWT in-
creases BMP expression (47-50). Extracor-
poreal shockwave therapy significantly in-
creases transforming growth factor (1
(TGF-B1) production in newly formed
bony union as well as promoting bone
marrow osteoprogenitor growth (45, 48,
51). This response promotes bone healing
as differentiation into osteoblasts occurs
with subsequent osteoid production. Os-
teoblasts produce alkaline phosphatase, an
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enzyme that assists in bone mineralisation,
and increased alkaline phosphatase activity
has been found post ESWT treatment sug-
gesting enhanced osteoblastic activity and
thus an increase in new bone formation
(49-52). Extracorporeal shockwave ther-
apy significantly increases the release of
vascular endothelial growth factor (VEGF)
promoting the formation of neo-vessels
and angiogenic factors (32, 49, 53). This is
associated with a significant increase in
bone strength and bony union formation
and enhanced angiogenesis and bone re-
modelling have been observed, improving
function (48, 53, 54).

Extracorporeal shockwave
therapy as an
augmentative treatment

Mechanotransduction

The transient pressure disturbances of
shockwaves release pulsed energy and
pressure which act mechanically upon the
bone via mechanotransduction. Although
the mechanisms of action of ESWT remain
unknown, it is possible that ESWT and
mechanical loading induce an osteogenic
effect via similar mechanisms. A recent re-
view proposed that there is no unique
pathway in which bone responds to mech-
anical loading, which may also be true for
ESWT (55). Mechanical loads generate
tensile and compressive forces, causing
fluid flow within the canaliculi of cortical
bone (56). Osteocytes housed within the
lacunar-canalicular system are exposed to
this fluid movement, which is thought to
stimulate stretch-activated cation nonselec-
tive channels (57). Activation of such chan-
nels can stimulate other osteocytes and os-
teoblasts via gap junctions to induce
multiple cellular responses via growth fac-
tor release, in that there was a direct in-
crease in the production of TGF-f1 from
human osteoblast-like cells (56, 57). Fur-
thermore, inhibition of these channels sig-
nificantly inhibited TGF-B1 mRNA levels,
which is an important mediator of ESWT-
induced bone formation (57). Although
this experiment was performed in vitro, it
provides a possible explanation into how
mechanotransduction  can  stimulate
growth factor release, which can subse-

quently promote osteogenesis, as discussed
later. In addition, mechanically-stimulated
membrane hyperpolarization can occur via
small calcium-activated potassium chan-
nels and it has been shown that ESWT can
also induce membrane hyperpolarization,
lending support to the idea that ESWT and
mechanical stimulation act via similar
mechanisms on bone (58, 59). This also
suggests that multiple channels may be in-
volved in not only transducing the effects
of ESWT but also in growth factor release.

Animal models help to elucidate the
mechanisms of ESWT. Pertussis toxin in-
hibits protein interaction with G-protein
coupled receptors on the cell membrane
(60). Pertussis toxin injection into the seg-
mental femoral defects of rats combined
with ESWT significantly reduced ESWT-
promoted TGF-$1 and BMP-2 production,
callus formation and fracture gap healing,
which subsequently limited ESWT-
induced bone repair, suggesting that osteo-
genic growth factors are critical in mediat-
ing ESWT-induced osteogenesis. It is also
suggested that membrane perturbation can
initiate G-protein responses regardless of
growth factor binding, which can then
stimulate signalling pathways that promote
bone formation.

Extracellular matrix components such
as collagen I can bind to integrins such as
a2P1 found on the surface of osteoblasts,
which can regulate specific pathways es-
sential for osteoblast differentiation (61).
Sun and colleagues used cultured bone
marrow-derived human mesenchymal
stem cells to demonstrate that ESWT pro-
motes bone healing by releasing significant
amounts of adenosine triphosphate (62).
This ATP release activated P2X7 receptors
which initiated downstream signalling via
p38 kinase, driving hMSCs into the osteob-
lastic lineage. Evidence strongly suggests
that the mechanotransduction of ESWT
occurs in a similar manner to that of mech-
anical loading, however further exploration
is critically needed to understand better the
complexities of the mechanisms of ESWT.

Mitogen-activated protein kinase
pathways

A large body of literature indicates that
mechanotransduction by ESWT stimulates
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signalling molecules that activate cytoplas-
mic protein kinases, collectively recognized
as the MAPK cascade (63). This highly
complex network transmits and amplifies
ESWT-induced osteogenic growth factor
signals from the cell membrane to intra-
cellular targets within the nucleus, and this
regulates numerous cellular responses,
namely osteogenic proliferation and differ-
entiation of mesenchymal stem cells (64,
65).

Ras is a monomeric G-protein that
transduces extracellular stimuli into signal-
ling pathways initiating a variety of biologi-
cal responses (66). Receptor tyrosine ki-
nases (RTK) are major cell surface recep-
tors activated through ligand binding, such
as by growth factors including fibroblast
growth factor (FGF). Binding initiates
autophosphorylation and the subsequent
interaction of two proteins, GRB2 and Sos
which activate Ras (67). The ESWT-
induced membrane hyperpolarization is
associated with Ras activation suggesting
that hyperpolarization mediates growth
factor release, which in turn activates RTK,
downstream Ras and the MAPK cascade.
Receptor tyrosine kinases inhibition sup-
pressed extracellular signal-related kinase
(ERK) activation (51, 59). Furthermore,
cells containing Ras in the active state can
initiate further downstream signalling
without ligand binding to RTK (67). This
also suggests that ESWT-induced hyper-
polarization may alter the state of Ras inde-
pendent of RTK binding.

These results suggest that ERK and p38
kinase mediate downstream signalling,
which promotes bone formation, in that
increased alkaline phosphatase activity in-
dicates osteoblastic activity, collagen I in-
creases demonstrate increased bone ma-
trix (osteoid) secretion, and increased os-
teocalcin demonstrates osteoid mineraliz-
ation and therefore bone formation. In ad-
dition, ESWT-induced mesenchymal cell
aggregation, hypertrophic cartilage, and
osteoblasts in particular expressed phos-
phorylated ERK (63). Wang and col-
leagues demonstrated that ERK stimulates
the growth, maturation, and differenti-
ation of mesenchymal progenitor cells into
osteoblasts (51). In contrast, inhibiting
ERK activation inhibits osteogenic differ-
entiation highlighting the importance of
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ERK in driving mesenchymal stem cells
into osteogenic lineages and its role in
ESWT-induced fracture repair (65). These
findings suggest that inhibiting a compo-
nent of the MAPK pathway affects subse-
quent downstream signalling and disrupts
osteogenesis. This highlights that specific
and coordinated signalling is essential for
successful bone repair, which ESWT ap-
pears to promote.

Runt-related transcription factor 2
(RUNX2), formerly known as Cbfal, is an
essential osteogenic transcription factor
that plays a vital role in determining the os-
teoblastic lineage while regulating osteo-
genic cell growth and maturation (51, 68).
A RUNX2 deficiency prevents MSC differ-
entiation into osteoblastic phenotypes,
which subsequently inhibits bone mineral-
ization, illustrating its fundamental role in
osteogenesis (69). Although RUNX2 is pre-
dominantly considered as a bone marker,
studies have demonstrated RUNX2 ex-
pression in chondrocyte progenitors and
that it plays an important role in promot-
ing both chondrogenesis and chondrocyte
maturation, essential for endochondral
bone repair (68, 70). Runt-related tran-
scription factor 2 also regulates osteocalcin
mRNA expression in that reduced RUNX2
activation also reduced osteocalcin ex-
pression (51, 71).

It has been shown that ESWT increases
RUNX2 expression, and stimulates the
MAPK cascade as discussed above (49, 50).
The MAPK pathways also appear to play
an important role in mediating RUNX2 ac-
tivity (61). These findings suggest a link be-
tween RUNX2 and the MAPK cascade in
that ESWT could indirectly promote
RUNX?2 activity via downstream signalling
of the MAPK cascade, however further ex-
ploration of this hypothesis is needed.

Extracorporeal shockwave therapy
stimulates Ras-induced production of the
free radical superoxide, which critically
mediates the downstream effects of Ras in
regulating cytosolic ERK and the subse-
quent co-ordination of the MAPK pathway
(51, 72). Inhibiting Ras abrogates superox-
ide synthesis and inhibiting superoxide re-
duces ERK activation and subsequent os-
teoprogenitor growth highlighting the im-
portance of superoxide in mediating the
early stages of ESWT-induced osteogenesis

(51, 72). These studies show that the
MAPK cascade plays a critical role in pro-
viding specificity and amplification of os-
teogenic signalling and that the dysregu-
lation of components in the cascade can
alter essential cellular processes.

Vascular endothelial growth factor

Evidence suggests that angiogenesis con-
siderably enhances the repair process. It
has been widely advocated in the literature
that ESWT can significantly increase the
production of angiogenic factor VEGF (49,
54,73).

Runt-related transcription factor 2 is
required for vascular invasion into the soft
cartilagenous callus during fracture repair
in that RUNX2 deficiency in osteogenic
cells prevents VEGF expression and vascu-
lar invasion (68, 70, 74, 75). The ESWT-
induced MAPK cascade regulates hypoxia
inducible factor 1-alpha (HIF-la), which
subsequently binds to VEGF promoter and
increases VEGF-A mRNA expression (72,
76). It has been shown that RUNX2 and
HIF-1a interact together to mediate angio-
genesis however VEGF can still be induced
via the HIF-1a response in RUNX2-null
cells (75).

This illustrates both the importance and
the complex interactions of RUNX2,
VEGE HIF-1a and VEGF in mediating an-
giogenesis. However, it also highlights the
need for further work to elucidate how
ESWT modulates these molecules to pro-
mote angiogenesis and subsequently in-
fluence the healing process.

Vascular endothelial growth factor can
promote endothelial cell sprouting in a
paracrine manner resulting in the
formation of new blood vessels (76). It is
suggested that improved blood supply
plays a role in inflammation and is associ-
ated with the influx of growth factors
which mediate osteogenesis. Extracorpor-
eal shockwave therapy-induced bone heal-
ing is abrogated following VEGF-
inhibition, suggesting that VEGF possesses
a dual role in mediating both angiogenesis
and osteogenesis (73). It appears that
VEGF mediates osteoblastic activity and
therefore contributes to osteogenesis, al-
though the functional role of VEGF is
highly complex.
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Vascular endothelial growth factor-A is
a particular focus in the literature regard-
ing fracture repair. Vascular endothelial
growth factor-A demonstrated chemotactic
and proliferative effects on primary human
osteoblasts (PHO) in a dose-dependent
manner, and it can also directly promote
the differentiation of primary osteoblasts in
vitro (77, 78). Vascular endothelial growth
factor-A also enhances fracture healing by
promoting osteoid production and bone
formation (76). This is supported by the in-
creased bone mineralization associated
with the increased expression of VEGF-A
mRNA (76, 79). In addition, VEGF in-
hibition decreased nodule formation and
alkaline phosphatase production in pri-
mary human osteoblasts (PHOs) (78).
From the studies discussed, it is possible
that VEGF may be one of the potential
pathways through which ESWT modulates
both angiogenesis and the essential pro-
cesses of osteogenesis to promote healing,
but further work is required to confirm
this.

Extracorporeal shockwave therapy-
induced BMP production (potent osteo-
inductive proteins) uniquely interacts with
VEGE. Vascular endothelial growth factor
inhibition significantly limited BMP-2 in-
duced bone formation and although VEGF
alone did not augment bone regeneration,
when coupled with BMP-4, bone
formation was significantly enhanced (80,
81). In contrast, despite VEGF-A in-
hibition, BMP-induced osteoblast differ-
entiation and mineralization still occurred,
however the BMP-induced angiogenic re-
sponse was attenuated (82). This suggests
that BMP-induced osteoblastic production
of VEGEF-A is important in coupling angio-
genesis to bone formation, but is not
required for BMP-induced osteoblast dif-
ferentiation. Furthermore, BMP-2 neutral-
ization had no effect on VEGF-A ex-
pression, however such findings may be li-
mited by the study period suggesting that
interactions may not have occurred within
the 24 hour time-frame (72).

Transforming growth factor beta
superfamily

The TGF-B superfamily consists of various
proteins and growth factors. Both TGF-f
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and BMP bind and activate transmem-
brane serine/threonine kinase receptors
that initiate intracellular signalling via
phosphorylation of Smad signalling pro-
teins and induce direct transcriptional re-
sponses within the cell nucleus (83, 84). It
is not entirely clear how TGF-$ and BMP
mediate such diverse effects by signalling
through the same Smad-protein pathway.
However, increasing evidence suggests that
considerable cross-talk and interaction oc-
curs between Smad-dependent and Smad-
independent pathways, namely with p38
kinase and the MAPK cascade (47, 84, 85).
This is further supported in that p38 kinase
and ERK appeared to mediate TGF-p and
BMP-2 signals in osteoblasts demonstrat-
ing that highly complex interconnecting
pathways are involved in mediating the ef-
fects of these osteogenic factors (86). A re-
cent study showed that ESWT applied to
human adipose-derived stem cells induced
ERK and Smad phosphorylation, whilst in-
creasing BMP-2, RUNX2 and ALP ex-
pression, resulting in differentiation into
osteoblast-like cells (50). Although this
study is limited in that it was conducted on
human adipose-derived stem cells, it does
lend support to the involvement of Smad
proteins and the MAPK cascade and more-
over their importance in mediating other
signals downstream, such as BMP-2, to
effectively drive the osteoblastic lineage
and induce bone formation.

It is suggested that these pathways
(Smad, p38 kinase and MAPK) converge at
the RUNX2 gene, and thus promote mes-
enchymal precursor cell differentiation into
osteoblasts (50, 84, 86, 87). However, Nis-
himura et al. demonstrated that after in-
hibiting Smadl and Smad5 interactions
with RUNX2, osteogenic processes and
subsequent osteocalcin activity were still
induced, suggesting that Smad interactions
are not critical for RUNX2 action, but can
enhance RUNX2 activity (88). It was also
demonstrated that dominant-negative
RUNX2 appeared to inhibit BMP-2 in-
duced osteoblastic differentiation, suggest-
ing that RUNX2 is essential for mediating
BMP signalling. Given the association be-
tween ESWT and BMP expression, also
discussed in the next section, it is reason-
able to postulate that ESWT acts at least in
part through effects on RUNX2 signalling

to promote osteogenesis and subsequently
enhance fracture repair.

Transforming growth factor-p is actively
involved in recruiting osteoblast precursors
and in driving differentiation towards an
osteoblastic lineage (84, 89). Furthermore,
TGEF-p stimulates the proliferation of MSC,
osteoprogenitor cells, chondrocytes and is
also involved in extracellular matrix pro-
duction. Wang et al. demonstrated that
EWST applied to rat femoral defects
promoted colony-forming-unit-osteopro-
genitor (CFU-O) which was associated
with increased production of TGF-f1 (52).
Colony-forming-unit-osteoprogenitor pro-
duced measurable increases in ALP activity
suggesting that osteogenic differentiation
and osteoblastic activity was occurring,
further indicated by the formation of bone
nodules. Extracorporeal shockwave ther-
apy-promoted TGF-f1 activity is further
supported by Wang et al. and associated
with subsequent increases in ALP activity
and bone nodule formation. These findings
all suggest that ESWT-induced TGF-f1
production mediates  osteoprogenitor
growth and differentiation (51).

> Figure 1 proposes the potential mech-
anisms of action of ESWT on bone, which
includes the possible downstream signal-
ling pathways that have been discussed.
Further research is required to confirm
these mechanisms.

Bone morphogenetic proteins

It is commonly accepted that BMP are po-
tent stimulators of osteogenic activity and
mediate essential processes of bone regen-
eration such as MSC differentiation into
osteogenic lineage, proliferation and os-
teoblastic maturation, therefore greatly
promoting osteogenesis (47, 90, 91). Bone
morphogenetic protein-2 to BMP-7 are
members of the TGF-p superfamily and
play unique functional roles in orchestrat-
ing morphogenetic signals to induce bone
formation. Bone morphogenetic proteins
increase ALP activity and osteocalcin ex-
pression, demonstrating osteoblastic activ-
ity and bone matrix mineralization and il-
lustrate the roles of BMP in actively pro-
moting bone formation and enhancing
fracture repair (91, 92). This is supported
by a recent study on bone marrow stromal
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cells in that ESWT significantly increased
BMP-2 levels, ALP activity and osteocalcin
mRNA expression, associated with an in-
crease in mature mineralized bone nodules
compared to the control group (49). In
mice lacking BMP-2, the initial stages of
fracture repair are inhibited despite the
presence of other osteogenic stimuli and an
in vitro study demonstrated that cells defi-
cient in the BMP-2 receptor could not dif-
ferentiate into osteoblasts (91, 93). This
suggests that not only is BMP-2 critical in
driving the differentiation towards the os-
teoblastic lineage, but that it appears to be
the most potent osteogenic stimulus gov-
erning fracture repair.

Extracorporeal shockwave therapy sig-
nificantly increased BMP-2, BMP-3,
BMP-4 and BMP-7 mRNA expression in
segmental femoral defects in rats (94).
Within one week, post-ESWT, BMP-2,
BMP-3 and BMP-4 were expressed within
aggregating mesenchymal stem cells and
immature chondrocytes. This illustrates
not only the osteoinductive capacity of
BMBP, but their importance in mediating
chondrogenesis. Within four weeks post-
ESWT, there was greatest expression of
BMP-2, further supporting that it is the
most potent BMP. Expression of BMP-3
and BMP-4 appeared to be greatest in the
later stages of the healing process with
BMP-7 expression most prominent in the
final stages of remodelling. This demon-
strates that the temporal expression of
BMP depends on the stage of cell morphol-
ogy, highlighting the different functional
roles of BMP, and their importance in
ESWT-induced bone regeneration (95).
Further studies support that ESWT
measurably increases BMP expression, par-
ticularly BMP-2 (50, 53, 73).

Bone morphogenetic protein-3 appears
to inhibit chondrocyte differentiation, sug-
gesting that BMP-3 would be down-regu-
lated during bone regeneration to enable
soft callus formation (96). Bone morpho-
genetic protein-3 also appears to antagon-
ize other BMP in that BMP-2-mediated
differentiation into osteoblasts was in-
hibited (97). Bone morphogenetic pro-
tein-3 knockout mice demonstrated an in-
crease in trabecular bone compared to con-
trols suggesting that BMP-3 negatively
regulates osteogenesis. These studies con-
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flict with other findings in that ESWT in-
creased BMP-3 expression, highlighting
the need for further research in order to
achieve a better understanding of the func-
tional roles of BMP (94).

Fibroblast growth factor and
prostaglandin E2

Fibroblast growth factor (FGF) is expressed
in mesenchymal stem cells, maturing os-
teoblasts and chondrocytes and is thought
to play a role in promoting TGF- ex-
pression in both osteoblasts and chondro-
cytes (90). Extracorporeal shockwave ther-

Proposed mechanisms of action of extracorporeal shockwave therapy.

apy stimulates significant increases in
FGE-2 levels, associated with a time-de-
pendent increase in TGF-B1 in human fi-
broblasts and osteoblasts (98). Although
TGF-P1 increases were not significantly
different from the control group, the effect
of ESWT was markedly higher in osteob-
lasts than in chondrocytes, with almost a
10-fold higher increase in FGF-2 concen-
tration, suggesting that osteoblasts act as
the target cells for ESWT. Fibroblast
growth factor-2 has a potent mitogenic
role in promoting MSC proliferation and
differentiation along with chondrocyte
proliferation (68, 99). In addition, local
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rhbFGF application to defective bone dem-
onstrates increases in callus volume and
bone mineral content (100). These findings
illustrate the importance of FGF in bone
regeneration subsequently in fracture heal-
ing. Fibroblast growth factor can bind to
RTK and activate Ras and subsequent
MAPK signalling. This is further sup-
ported in that FGF-2 increased ERK1/2
phosphorylation, which resulted in
RUNX2 phosphorylation and subsequent
osteocalcin promoter activity (101). The
ERK1/2 inhibitors blocked FGF-2 action
and its resultant downstream signalling
pathways demonstrating that FGF-2 plays
an important role in regulating both
RUNX2 and bone formation.

When ESWT was applied to primary
human osteoblasts, from normal human
cancellous bone, it induced proliferation
and differentiation of osteoblasts and up-
regulation of genes involved in osteoblast
differentiation, namely prostaglandin
E2-receptor EP3 (PGE2-EP3) and BMP-2
inducible kinase (102). Prostaglandin E2
has briefly been mentioned previously. It is
primarily produced by osteoblasts, yet it
activates osteoblasts, playing a crucial role
in regulating bone formation and metab-
olism (103, 104). It has also been shown to
have anabolic effects on bone in vivo (105).
This highlights not only the importance of
PGE2 in promoting bone formation, but
that ESWT can aid to induce such an ef-
fect. This is illustrated by the significantly
higher mineralization found in the ESWT
group compared to the control group, help-
ing to show further the proposed osteo-
genic effects of ESWT (102). Furthermore,
this study lends support to the importance
of BMP-2 and its upregulation post-ESWT,
as shown by numerous other studies as dis-
cussed.

Other mechanisms of action

A secondary, analgesic effect of ESWT has
been demonstrated. Recent studies, pri-
marily in equine subjects, have reported an
acute transient period of analgesia post-
ESWT with immediate effect and lasting
for two to four days (106-109). Such effects
have been reflected by transient functional
improvements in lameness with an in-
creased walking ability and have been
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evaluated using different methods such as
measuring ground reaction forces with
force platforms (109). One equine study
used a constant-voltage, variable-current
pulse stimulator to determine the nocicep-
tive threshold of the horse when the subject
first responded and demonstrated a small
cutaneous analgesic effect lasting for three
days post-ESWT (108).

There is little focus of this temporary
ESWT-induced analgesic effect within the
literature and the mechanisms of this are
currently unknown. However, some
studies that were primarily conducted on
rats, and therefore demonstrate that this
analgesic effect occurs in other species,
provide insight into possible neurophysi-
ological mechanisms underlying this tran-
sient period of analgesia following ESWT.
Extracorporeal shockwave therapy re-
duces immunoreactive calcitonin-gene re-
lated peptide (CGRP) in dorsal root gan-
glion (DRG) neurons from 61% to 18% in
a rat study (110-112). Maximal inhibition
of CGRP expression was seen at four days
which was associated with improved
walking ability and as CGRP plays a role
in pain transmission this suggests that
ESWT may stimulate an analgesic effect
through neuropeptide depletion
(110-113). Studies have demonstrated
rapid degeneration of nerve fibres post-
ESWT along with significant reductions
in sensory nerve conduction velocities
compared to controls (110, 114-117). This
suggests that ESWT-induced peripheral
nerve modulation could contribute to an-
algesia. Multiple applications of ESWT
have been shown to cause slower re-inner-
vation of nerve fibres and increased neur-
onal injury with increasing dosage of
ESWT (114, 118). These findings suggest
a dose-dependent analgesic effect associ-
ated with ESWT. Biological markers for
axonal regeneration indicate that com-
plete re-innervation of disrupted nerve
fibres can occur after ESWT (111, 114,
115). This suggests that desensitization of
the treated area by ESWT would occur,
clinically recognized by reduced lameness,
whereas subsequent re-innervation which
suggests sensitivity of the area would in-
crease, providing a possible explanation
for the reported transient analgesic effect
of ESWT (107-110, 115).

In contrast, conflicting studies have
demonstrated no modulatory effect of
ESWT on neuronal activity highlighting
the equivocal evidence regarding the
mechanisms of this analgesic effect
(119-121). In addition, the acute period of
analgesia post-ESWT, reflected by im-
provements in gait peaked at two days, sug-
gesting that the analgesic effect demon-
strated would not be due to nerve fibre des-
truction as this effect would be expected to
be immediate (109). Furthermore, al-
though other data that supports this pro-
posed temporary analgesia where func-
tional improvements decreased after 72
hours, the authors did not attribute such
findings to the effect of ESWT according to
skin sensitivity tests and thermographic
imaging (122). The direct comparison of
the analgesic effects of ESWT across
studies is limited in that the responses of
‘clinically sound’ animals may vary from
animals suffering from conditions such as
insertional desmopathies and defective
osseous structures causing lameness (76,
92, 106-109, 123). Furthermore, large in-
consistencies across studies such as the do-
sage of ESWT applied and the methods
used to evaluate analgesia further hinder
elucidating this effect. Due to the paucity of
knowledge and discrepancies of this ESW-
induced analgesia across the literature,
further exploration of this phenomenon is
indicated.

Conclusion

There is a large body of literature proposing
to define the mechanisms by which ESWT
stimulates connective tissue repair and this
review has attempted to summarize these
mechanisms. This review focused on what
appears to be the key players in promoting
repair, namely RUNX2, BMP, VEGF and
the MAPK cascade. Understanding the
exact roles of these factors is critical in not
only clarifying how ESWT works, but also
gaining a firmer grasp of how repair may
become impaired initially. However, this re-
view also highlights the complexities in try-
ing to elucidate the effect of ESWT on a cel-
lular and molecular level, demonstrating
that considerable research is still required to
gain a further understanding of these pro-

© Schattauer 2016

Downloaded by: University of Helsinki. Copyrighted material.



G. A. Chamberlain, G. R. Colborne: Extracorporeal shockwave therapy

105

cesses. Inconsistencies of method and do-
sage are largely responsible for variations in
the results of treatment with ESWT that are
reported in the literature. The clinical
studies are largely uncontrolled. Consider-
ably more research is required to determine
a treatment protocol based on knowledge of
the cellular mechanisms purported to
underlie its effect, and this is fundamental
to achieving consistency of approach both
within and between studies. Not only will
this facilitate data comparison between
studies, it will establish an appropriate, evi-
dence-based treatment strategy. Fur-
thermore, the conflicting and inconsistent
findings surrounding the phenomenon of
ESWT-induced analgesia highlights that
further research is required in this area.
Could this analgesic effect play an influen-
tial role in accelerating return to function,
enabling increased loading which in turn
could enhance tissue repair? This postu-
lation needs exploring and could help to
elucidate the mechanisms underlying the
clinical effects of ESWT.

Despite these unknowns and inconsist-
encies, the use of ESWT in promoting bone
healing has been advocated in the literature
with increasing clinical success, supporting
the use of ESWT as an effective alternative
modality in soft and hard tissue repair, and
as an analgesic.

Conflict of interest

The authors do not have any conflicts of
interest to declare.

References

1. Gebhart C, Widhalm R. The biological effects of
shockwave treatment. In: Coombs R, Schaden W,
Zhou SSH, editors. Musculoskeletal shockwave
therapy. London: Greenwich Medical Media Ltd;
2000. pg. 11-12.

2. Wang CJ. Extracorporeal shockwave therapy in
musculoskeletal disorders. ] Orthop Surg Res
20125 7:7-11.

3. Thiel M. Application of shock waves in medicine.
Clin Orthop Rel Res 2001; 387: 18-21.

4. Haupt G, Haupt A, Ekkernkamp A, et al. Influence
of shock waves on fracture healing. Urology 1992;
39: 529-532.

5. Knobloch K, Vogt PM. High-energy focussed
extracorporeal shockwave therapy reduces pain in
plantar  fibromatosis (Ledderhose's ~ disease).
Biomed Central Res Notes 2012; 5: 542.

© Schattauer 2016

10.

1

—

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—

22.

23.

Haupt G. Use of extracorporeal shock waves in the
treatment of pseudoarthrosis, tendinopathy and
other orthopedic diseases. ] Urology 1997; 158:
4-11.

Rompe JD, Zoellner ], Nafe B. Shock wave therapy
versus conventional surgery in the treatment of
calcifying tendinitis of the shoulder. Clin Orthop
Rel Res 2001; 387: 72-82.

Mouzopoulos G, Stamatakos M, Mouzopoulos D,
et al. Extracorporeal shock wave treatment for
shoulder calcific tendonitis: a systematic review.
Skeletal Radiol 2007; 36: 803-811.

Pleiner J, Crevenna R, Langenberger H, et al.
Extracorporeal shockwave treatment is effective in
calcific tendonitis of the shoulder. A randomized
controlled trial. Wien Klin Wohenschr 2004; 116:
536-541.

Peters J, Luboldt W, Schwarz W, et al. Extracorpor-
eal shock wave therapy in calcific tendinitis of the
shoulder. Skeletal Radiol 2004; 33: 712-718.

. Carulli C, Tonelli E Innocenti M, et al. Effective-

ness of extracorporeal shockwave therapy in three
major tendon diseases. ] Orthop Traumatol 2015
Jul 2 [Epub ahead of print].

Wang CJ, Chen HS. Shock wave therapy for pa-
tients with lateral epicondylitis of the elbow: a one-
to two-year follow-up study. Am ] Sports Med
20025 30: 422-425.

Rompe JD, Theis C, Maffulli N. Shock wave treat-
ment for tennis elbow. Orthopade 2005; 34:
567-570.

Rompe JD, Decking J, Schoellner C, et al. Repeti-
tive low-energy shock wave treatment for chronic
lateral epicondylitis in tennis players. Am J Sports
Med 2004; 32: 734-743.

Ozturan KE, Yucel I, Cakici H, et al. Autologous
blood and corticosteroid injection and extracopor-
eal shock wave therapy in the treatment of lateral
epicondylitis. Orthopedics 2010; 33: 84-91.
Radwan YA, El Sobhi G, Badawy WS, et al. Resis-
tant tennis elbow: Shock-wave therapy versus per-
cutaneous tenotomy. Int Orthop 2008; 32:
671-677.

Hsu CJ, Wang DY, Tseng KE, et al. Extracorporeal
shock wave therapy for calcifying tendinitis of the
shoulder. ] Shoulder Elbow Surg 2008; 17: 55-59.
Wilner JM, Strash WW. Extracorporeal shockwave
therapy for plantar fasciitis and other musculos-
keletal conditions utilizing the Ossatron: An up-
date. Clin Podi Med Surg 2004; 21: 441-447.
Rasmussen S, Christensen M, Mathiesen I, et al.
Shockwave therapy for chronic Achilles tendin-
opathy: A double-blind, randomized clinical trial
of efficacy. Acta Orthop 2008; 79: 249-256.

Furia JP. High-energy extracorporeal shock wave
therapy as a treatment for chronic insertional
Achilles tendinopathy. Am J Sports Med 2006; 34:
733-740.

. Furia JP. High-energy extracorporeal shock wave

therapy as a treatment for chronic non-insertional
Achilles tendinopathy. Am J Sports Med 2008; 36:
502-508.

van Leeuwen MT, Zwerver ], van den Akker-
Scheek 1. Extracorporeal shockwave therapy for
patellar tendinopathy: A review of the literature.
Br ] Sports Med 2009; 43: 163-168.

Vulpiani MC, Vetrano M, Savoia V, et al. Jumper’s
knee treatment with extracorporeal shock wave
therapy: a long-term follow-up observational

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

study. J Sports Med Phys Fitness 2007; 47:
323-328.

Wang CJ, Ko JY, Chan YS, et al. Extracorporeal
shockwave for chronic patellar tendinopathy. Am J
Sports Med 2007; 35: 972-978.

Peers KH, Lysens R, Brys P, et al. Cross-sectional
outcome analysis of athletes with chronic patellar
tendinopathy treated surgically and by extracor-
poreal shock wave therapy. Clin ] Sport Med 2003;
13:79-83.

Zwerver J, Dekker F, Pepping GJ. Patient-guided
piezo-electric extracorporeal shockwave therapy
as treatment for chronic severe patellar tendin-
opathy: A pilot study. ] Back Musculoskelet Reha-
bil 2010; 23: 111-115.

Ludwig J, Lauber S, Lauber H]J, et al. High-energy
shock wave treatment of femoral head necrosis in
adults. Clin Orthop Rel Res 2001; 387: 119-126.
Wang CJ, Wang FS, Huang CC, et al. Treatment for
osteonecrosis of the femoral head: comparison of
extracorporeal shock waves with core decom-
pression and bone-grafting. ] Bone Joint Surg
(Am) 2005; 87: 2380-2387.

Kong FR, Liang Y], Oin SG, et al. Clinical appli-
cation of extracorporeal shock wave to repair and
reconstruct osseous tissue framework in the treat-
ment of avascular necrosis of the femoral head
(ANFH). Zhongguo Gushang 2010; 23: 12-15.
Alves EM, Angrisani AT, Santiage MB. The use of
extracorporeal shock waves in the treatment of os-
teonecrosis of the femoral head: a systematic re-
view. Clin Rheuma 2009; 28: 1247-1251.

. Wang CJ, Wang FS, Yang KD, et al. Treatment of

osteonecrosis of the hip: comparison of extracor-
poreal shockwave with shockwave and alendron-

ate. Arch Orthop Trauma Surg 2008; 128:
901-908.
Wang CJ, Wang FS, Ko JY, et al. Extracorporeal

shockwave therapy shows regeneration in hip ne-
crosis. Rheumatology 2008; 4: 542-546.

Cacchio A, Giordano L, Colafarina O, et al. Extra-
corporeal shock-wave therapy compared with sur-
gery for hypertrophic long-bone nonunions. J
Bone Joint Surg (Am) 2009; 91: 2589-2597.

Elster EA, Stojadinovic A, Forsberg J, et al. Extra-
corporeal shock wave therapy for nonunion of the
tibia. ] Orthop Trauma 2010; 24: 133-141.
Schaden W, Fischer A, Sailer A. Extracorporeal
shock wave therapy of nonunion or delayed oss-
eous union. Clin Orthop 2001; 387: 90-94.
Mueller M, Bockstahler B, Skalicky M, et al. Effects
of radial shockwave therapy on the limb function
of dogs with hip osteoarthritis. Vet Rec 2007; 160:
762-765.

Dahlberg J, Fitch G, Evans RB, et al. The evalu-
ation of extracorporeal shockwave therapy in nat-
urally occurring osteoarthritis of the stifle joint in
dogs. Vet Comp Orthop Traumatol 2005; 18:
147-152.

Crowe OM, Dyson SJ, Wright IM, et al. Treatment
of chronic or recurrent proximal suspensory des-
mitis using radial pressure wave therapy in the
horse. Equine Vet ] 2004; 36: 313-316.

Lischer CJ, Ringer SK, Schnewlin M, et al. Treat-
ment of chronic proximal suspensory desmitis in
horses using focused electrohydraulic shockwave
therapy. Schweiz Arch fur Tierheilkunde 2006;
148: 561-568.

Vet Comp Orthop Traumatol 2/2016

Downloaded by: University of Helsinki. Copyrighted material.



106

G. A. Chamberlain, G. R. Colborne: Extracorporeal shockwave therapy

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lyon R, Liu XC, Kubin M, et al. Does extracorpor-
eal shock wave therapy enhance healing of osteo-
chondritis dissecans of the rabbit knee? A pilot
study. Clin Orthop Rel Res 2013; 471: 1159-1165.
McClure SR, van Sickle D, Evans R, et al. The ef-
fects of extracorporeal shock-wave therapy on the
ultrasonographic and histologic appearance of col-
lagenase-induced equine forelimb suspensory liga-
ment desmitis. Ultrasound Med Biol 2004; 30:
461-467.

Kieves NR, Mackay CS, Adducci K, et al. High
energy focused shockwave therapy accelerates
bone healing. A blinded, prospective, randomised
clinical trial. Vet Comp Orthop Traumatol 2015;
28:425-432.

Barnes K, Lanz O, Werre S, et al. Comparison of
autogenous cancellous bone grafting and extra-
corporeal shock wave therapy on osteotomy heal-
ing in the tibial tuberosity advancement procedure
in dogs. Vet Comp Orthop Traumatol 2015; 28:
207-214.

Souza ANA, Ferreira MP, Hagen SCE, et al. Radial
shock wave therapy in dogs with hip osteoarthritis.
Vet Comp Orthop traumatol 2016; 29: 108-114.
McClure S, Dorfmuller C. Extracorporeal shock
wave therapy: theory and equipment. Clinical ap-
plications and regulation. Clin Tech Equine Prac
2003; 2: 348-357.

Mariotto S, Carcereri de Prati A, Cavalieri E, et al.
Extracorporeal shock wave therapy in inflamma-
tory diseases: Molecular mechanism that triggers
anti-inflammatory action. Curr Med Chem 2009;
16: 2366-2372.

Wang FS, Yang KD, Kuo YR, et al. Temporal and
spatial expression of bone morphogenetic proteins
in extracorporeal shock wave-promoted healing of
segmental defect. Bone 2003; 32: 387-396.

Wang CJ, Yang KD, Ko JY, et al. The effects of
shockwave on bone healing and systemic concen-
trations of nitric oxide (NO), TGF-B1, VEGF and
BMP-2 in long bone non-unions. Nitric Oxide
2009; 20: 298-303.

Yin TC, Wang CJ, Yang KD, et al. Shockwaves en-
hance osteogenetic gene expression in marrow
stromal cells from hips with osteonecrosis. Chang
Gung Med J 2011; 344: 367-374.

Catalano MG, Marano E Rinella L, et al. Extracor-
poreal shockwaves (ESW's) enhance the osteogenic
medium-induced differentiation of adipose-de-
rived stem cells into osteoblast-like cells. ] Tiss Eng
Regen Med 2014 June 1 [Epub ahead of print].
Wang FS, Wang CJ, Sheen-Chen SM, et al. Super-
oxide mediates shock wave induction of ERK-de-
pendent osteogenic transcription factor (CBFA1)
and mesenchymal cell differentiation toward os-
teoprogenitors. ] Biol Chem 2002; 277:
10931-10937.

Wang FS, Yang KD, Chen RE et al. Extracorporeal
shock wave promotes growth and differentiation
of bone-marrow stromal cells towards osteopro-
genitor associated with induction of TGF-betal. ]
Bone Jt Surg (Br) 2002; 84: 457-461.

Wang CJ, Wang FS, Yang KD. Biological effects of
extracorporeal shockwave in bone healing: a study
in rabbits. Arch Orthop Trauma Surg 2008; 128:
879-884.

Kong FR, Liang YJ, Qin SG, et al. Clinical appli-
cation of extracorporeal shock wave to repair and
reconstruct osseous tissue framework in the treat-

Vet Comp Orthop Traumatol 2/2016

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

ment of avascular necrosis of the femoral head.
Chin J Orthop Traumatol 2010; 23: 12-15.

Price ]S, Sugiyama T, Galea GL, et al. Role of endo-
crine and paracrine factors in the adaptation of
bone to mechanical loading. Curr Osteopor Res
20115 9: 76-82.

Duncan RL, Turner CH. Mechanotransduction
and the functional response of bone to mechanical
strains. Calcif Tiss Internat 1995; 57: 344-358.
Sakai K, Mohtai M, Iwamoto Y. Fluid shear stress
increases transforming growth factor beta 1 ex-
pression in human osteoblast-like cells: Modu-
lation by cation channel blockades. Calc Tiss Inter-
nat 1998; 63: 515-520.

Salter DM, Wallace WH, Robb JE, et al. Human
bone cell hyperpolarisation response to cyclical
mechanical strain is mediated by an interleukin-
1beta autocrine/paracrine loop. ] Bone Min Res
2000; 15: 1746-1755.

Wang FS, Wang CJ, Huang HJ, et al. Physical shock
wave mediates membrane hyperpolarization and
Ras activation for osteogenesis in human bone
marrow stromal cells. Bioch Biophys Res Commun
2001; 287: 648-655.

Chen Y], Kuo YR, Yang KD, et al. Shock wave ap-
plication enhances pertussis toxin protein-sensi-
tive bone formation of segmental femoral defects
in rats. ] Bone Min Res 2003; 18: 2169-2179.
Franceschi RT, Xiao G, Jiang D, et al. Multiple sig-
naling pathways converge on the Cbfal/Runx2
transcription factor to regulate osteoblast differ-
entiation. Conn Tiss Res 2003; 1: 109-116.

Sun D, Junger WG, Yuan C, et al. Shockwave in-
duces osteogenic differentiation of human mesen-
chymal stem cells through ATP release and acti-
vation of P2X7 receptors. Stem Cells 2013; 31:
1170-1180.

Chen YJ, Kuo YR, Yang KD, et al. Activation of
extracellular signal-related kinase (ERK) and p38
kinase in shock wave-promoted bone formation of
segmental defect in rats. Bone 2004; 34: 466-477.
Seger R, Krebs EG. The MAPK signaling cascade.
Fed American Soc Exp Biol 1995; 9: 726-735.
Jaiswal RK, Jaiswal N, Bruder SP, et al. Adult
human mesenchymal stem cell differentiation to
the osteogenic or adipogenic lineage is regulated
by mitogen-activated protein kinase. ] Biol Chem
2000; 275: 9645-9652.

Deora AA, Hajjar DP, Lander HM. Recruitment
and activation of Raf-1 kinase by nitric oxide-acti-
vated Ras. Biochem 2000; 39: 9901-9908.

Lodish H, Berk A, Matsudaira P, et al. Receptor ty-
rosine kinases and activation of Ras. In: Molecular
Cell Biology. 5th ed. New York: WH Freeman;
2003. Pg. 587-589.

Komori T. Regulation of osteoblast differentiation
by Runx2. Adv Exp Med Biol 2000; 658: 43-49.
Kobayashi H, Gao Y-H, Ueta C, et al. Multilineage dif-
ferentiation of Cbfal-deficient calvarial cells in vitro.
Biochem Biophys Res Commun 2000; 273: 630-636.
Stricker S, Fundele R, Vortkamp A, et al. Role of
Runx genes in chondrocyte differentiation. Devel
Biol 2002; 245: 95-108.

Xiao G, Jiang D, Thomas P, et al. MAPK pathways
activate and phosphorylate the osteoblast-specific
transcription factor, Cbfal. ] Biol Chem 2000; 275:
4453-4459.

Wang FS, Wang CJ, Chen Y], et al. Ras induction
of superoxide activates ERK-dependent angio-

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

genic transcription factor HIF-lalpha and
VEGEF-A expression in shock wave-stimulated os-
teoblasts. ] Biol Chem 2004; 279: 10331-10337.
Wang CJ, Huang KE, Sun YC, et al. VEGF modu-
lates angiogenesis and osteogenesis in shockwave-
promoted fracture healing in rabbits. J Surg Res
2011; 171: 114-119.

Zelzer E, Glotzer D], Hartmann C, et al. Tissue
specific regulation of VEGF expression during
bone development required Cbfal/RUNX2. Mech
Devel 2001; 106: 97-106.

Kwon TG, Zhao X, Yang Q, et al. Physical and
functional interactions between Runx2 and
HIF-1a induce vascular endothelial growth factor
gene expression. J Cell Biochem 2011; 112:
3582-3593.

Mayer H, Bertram H, Lindenmaier W, et al. Vascu-
lar endothelial growth factor (VEGF-A) ex-
pression in human mesenchymal stem cells: auto-
crine and paracrine role on osteoblastic and en-
dothelial differentiation. J Cell Biochem 2005; 95:
827-839.

Mayr-Wohlfart U, Waltenberger ], Hausser H, et al.
Vascular endothelial growth factor stimulates che-
motactic migration of primary human osteoblasts.
Bone 2002; 30: 472-477.

Street J, Bao M, de Guzman L, et al. Vascular en-
dothelial growth factor stimulates bone repair by
promoting angiogenesis and bone turnover. Proc
Nat Acad Sci USA 2002; 99: 9656-9661.

Deckers MML, Karperien M, van der Bent C, et al.
Expression of vascular endothelial growth factors
and their receptors during osteoblast differenti-
ation. Endocrinol 2000; 141: 1667-1674.

Peng H, Usas A, Olshanski A, et al. VEGF im-
proves, where sFlt1 inhibits, BMP2-induced bone
formation and bone healing through modulation of
angiogenesis. ] Bone Min Res 2005; 20: 2017-2027.
Peng H, Wright V, Usas A, et al. Synergistic en-
hancement of bone formation and healing by stem
cell-expressed VEGF and bone morphogenetic
protein-4. ] Clin Invest 2002; 110: 751-759.
Deckers MML, van Bezooijen RL, van Geertje
Horst DER, et al. Bone morphogenetic proteins
stimulate angiogenesis through osteoblast-derived
vascular endothelial growth factor A. Endocrinol
2002; 143: 1545-1553.

Wagner DO, Sieber C, Bhushan R, et al. BMPs:
from bone to body morphogenetic proteins.
Science Signal 2010; 3: mr1.

Chen G, Deng C, Li YP. TGF-B and BMP signaling
in osteoblast differentiation and bone formation.
Int J Biol Sci 2012; 8: 272-288.

von Bubnoff A, Cho KW. Intracellular BMP sig-
naling regulation in vertebrates: Pathway or net-
work? Devel Biol 2001; 239: 1-14.

Lai CE, Cheng SL. Signal transductions induced by
bone morphogenetic protein-2 and transforming
growth factor-beta in normal human osteoblastic
cells. ] Biol Chem 2002; 277: 15514-15522.

Lee KS, Hong SH, Bae SC. Both the Smad and p38
MAPK pathway play a crucial role in RUNX2 ex-
pression following induction by transforming
growth factor-beta and bone morphogenetic pro-
tein. Oncog 2002; 21: 7156-7163.

Nishimura R, Hata K, Harris SE, et al. Core-bind-
ing factor alpha 1 (Cbfal) induces osteoblastic dif-
ferentiation of C2C12 cells without interaction
with Smad1 and Smad5. Bone 2002; 31: 303-312.

© Schattauer 2016

Downloaded by: University of Helsinki. Copyrighted material.



G. A. Chamberlain, G. R. Colborne: Extracorporeal shockwave therapy

107

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Baksh D, Song L, Tuan RS. Adult mesenchymal
stem cells: Characterisation, differentiation, and
application in cell and gene therapy. ] Cell Mol
Med 2004; 8: 301-316.

Barnes GL, Kostenuik PJ, Louis CG, et al. Growth
factor regulation of fracture repair. ] Bone Min Res
1999; 14: 1805-1815.

Suzawa M, Takeyuchi Y, Fukumoto S, et al. Extra-
cellular matrix-associated bone morphogenetic
proteins are essential for differentiation of murine
osteoblastic cells in vitro. Endocrinol 1999; 140:
2125-2133.

Yamaguchi A, Ishizuya T, Kintou N, et al. Effects of
BMP-2, BMP-4 and BMP-6 on osteoblastic differ-
entiation of bone marrow-derived stromal cell
lines, ST2 and MC3T3-G2/PA6. Biochem Biophys
Res Commun 1996; 220: 366-371.

Tsuji K, Bandyopadhyaym A, Harfe BD, et al.
BMP2 activity, although dispensable for bone
formation, is required for the initiation of fracture
healing. Nature Genet 2006; 38: 1424-1429.

Wang CJ, Yang KD, Wang FS, et al. Shock wave in-
duces neovascularization at the tendon-bone junc-
tion. A study in rabbits. ] Orthop Res 2003; 21:
984-989.

Harris SE, Sabatini M, Harris MA, et al. Ex-
pression of bone morphogenetic protein mess-
enger RNA in prolonged cultures of fetal rat calva-
rial cells. ] Bone Min Res 1994; 9: 389-394.
Aspenberg P, Basic N, Tagil M, et al. Reduced ex-
pression of BMP-3 due to mechanical loading: a
link between mechanical stimuli and tissue differ-
entiation. Acta Orthop Scand 2000; 71: 558-562.
Daluiski A, Engstrand T, Bahamonde ME, et al.
Bone morphogenetic protein-3 is a negative regu-
lator of bone density. Nature Genet 2001; 27: 84-88.
Hausdorf ], Sievers B, Schmitt-Sody M, et al.
Stimulation of bone growth factor synthesis in
human osteoblasts and fibroblasts after extracor-
poreal shock wave application. Arch Orthop Trau-
ma Surg 2011; 131: 303-309.

Solchaga LA, Penick K, Porter JD, et al. FGF-2 en-
hances the mitotic and chondrogenic potentials of
human adult bone marrow-derived mesenchymal
stem cells. J Cell Physiol 2005; 203: 398-409.

100. Nakamura T, Hara Y, Tagawa M, et al. Recombi-

nant human basic fibroblast growth factor accel-
erates fracture healing by enhancing callus remo-
deling in experimental dog tibial fractures. ] Bone
Min Res 1998; 13: 942-949.

101. Xiao G, Jiang D, Gopalakrishnan R, et al. Fibrob-

last growth factor 2 induction of the osteocalcin

© Schattauer 2016

102.

103.

104.

105.

106.

107.

108.

109.

110.

11

—

112.

gene required MAPK activity and phosphory-
lation of the osteoblast transcription factor,
Cbfal/RUNX2. ] Biol Chem 2002; 277:
36181-36187.

Hofmann A, Ritz U, Hessmann MH, et al. Extra-
corporeal shock wave-mediated changed in pro-
liferation, differentiation, and gene expression of

human osteoblasts. ] Trauma 2008; 65:
1402-1410.
Blackwell KA, Raisz LG, Pilbeam CC. Prostag-

landins in bone: bad cop, good cop? Trends En-
docrinol Metabol 2010; 21: 294-301.

Haversath M, Catelas I, Li X, et al. PGE2 and
BMP-2 in bone and cartilage metabolism: Two
intertwining pathways. Can J Physiol Pharmacol
20125 90: 1434-1445.

Graham S, Gamie Z, Polyzois I, et al. Prostagland-
in EP2 and EP4 receptor agonists in bone
formation and bone healing: In vivo and in vitro
evidence. Exp Opin Investig Drugs 2009; 18:
746-766.

Boening K], Loffeld S, Weitkamp K, et al. Radial
extracorporeal shock wave therapy for chronic in-
sertion desmopathy of the proximal suspensory
ligament. In: Proceedings of the 46th Annual
Convention of the American Association of
Equine Practitioners; 2000 November 26-29; San
Antonio, TX, USA. pg. 203-207.

Revenaugh MS. ESWT for treatment of osteoar-
thritis in the horse: clinical applications. Vet Clin
N Am: Equine Pract 2005; 21: 609-625.

McClure SR, Sonea IM, Evans RB, et al. Evalu-
ation of analgesia resulting from extracorporeal
shock wave therapy and radial pressure wave
therapy in the limbs of horses and sheep. Am J
Vet Res 2005; 66: 1702-1708.

Dahlberg JA, McClure SR, Evans RB, et al. Force
platform evaluation of lameness severity follow-
ing extracorporeal shock wave therapy in horses
with unilateral forelimb lameness. ] Am Vet Med
Assoc 2006; 299: 100-103.

Ochiai N, Ohtori S, Sasho T, et al. Extracorporeal
shock wave therapy improves motor dysfunction
and pain originating from knee osteoarthritis in
rats. Osteoarth Cartil 2007; 15: 1093-1096.

. Ohtori S, Inoue G, Mannoji C, et al. Shock wave

application to rat skin induces degeneration and
re-innervation of sensory nerve fibres. Neurosci
Letters 2001; 315: 57-60.

Takahashi N, Wada Y, Ohtori S, et al. Application
of shock waves to rat skin decreases calcitonin
gene-related peptide immunoreactivity in dorsal

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

root ganglion neurons. Autonom Neurosci 2003;
107: 81-84.

He X, Schepelmann K, Schaible HG, et al. Capsai-
cin inhibits responses of fine afferents from the
knee joint of the cat to mechanical and chemical
stimuli. Brain Res 1990; 530: 147-150.

Takahashi N, Ohtori S, Saisu T, et al. Second ap-
plication of low-energy shock waves has a cumu-
lative effect on free nerve endings. Clin Orthop
Rel Res 2006; 443: 315-319.

Murata R, Ohtori S, Ochiai N, et al. Extracorpor-
eal shockwaves induce the expression of ATF3
and GAP-43 in rat dorsal root ganglion neurons.
Autonom Neurosci 2006; 128: 96-100.

Hausdorf ], Lemmens MAM, Heck KDW, et al.
Selective loss of unmyelinated nerve fibres after
extracorporeal shockwave application to the mus-
culoskeletal system. Neurosci 2008; 155: 138-144.
Bolt DM, Burba DJ, Hubert JD, et al. Determi-
nation of functional and morphologic changes in
palmar digital nerves after nonfocused extracor-
poreal shock wave treatment in horses. Am ] Vet
Res 2004; 65: 1714-1718.

Rompe JD, Bohl ], Riehle HM, et al. Uberpriifung
der Lisionsgefahr des N. ischiadicus des Ka-
ninchens durch die Applikation niedrig- und mit-
telenergetischer extrakorporaler Stoflwellen [Pos-
sible damage to the rabbit sciatic nerve by the ap-
plication of extracorporeal shock waves or low or
middle energy flux density]. Z Orthop Unfall
1998; 136: 407-411.

Haake M, Thon A, Bette M. Absence of spinal re-
sponse to extracorporeal shock waves on the en-
dogenous opioid systems in the rat. Ultrasound
Med Biol 2001; 27: 279-284.

Haake M, Thon A, Better M. No influence of low-
energy extracorporeal shock wave therapy
(ESWT) on spinal nociceptive systems. ] Orthop
Sci 2002; 7: 97-101.

Haake M, Thon A, Better M. Unchanged c-Fos
expression after extracorporeal shock wave ther-
apy: an experimental investigation in rats. Arch
Orthop Trauma Surg 2002; 122: 518-521.
Imboden I, Waldern NM, Wiestner T, et al. Short
term analgesic effect of extracorporeal shock
wave therapy in horses with proximal palmar
metacarpal/plantar metatarsal pain. Vet J 2009;
179: 50-59.

Waldern NM, Weishaupt MA, Imboden I, et al.
Evaluation of skin sensitivity after shock wave
treatment in horses. Am ] Vet Res 2005; 66:
2095-2100.

Vet Comp Orthop Traumatol 2/2016

Downloaded by: University of Helsinki. Copyrighted material.



