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Abstract

These studies were conducted 1o
investigale the biological mochanism
ol musculoskeletal shockwaves. The
Investigations woere independently
performed in tendon and bone, and
at the tendon-bone mterlace in
rabbits, The shudy limbs wore Wreated
wilh shockwaves, whercas the control
limbs regeived sham trealment with ne
shockwave. The evaluations included
histemorphological examination,
bhiomechanical analysis and immmune-
mslochemical assessnienis off
anglogenic growth ndicalovs including
erclothelial nitric oxide synthase
(eNOS), vessel endothelial growth
factor (VEGF), bore morphological
protein (BMDP-2) and proliferating cell
niclear antigen (PONA).

The results showed higher bone
strength and bone mass, and helier
tensile strength ol the graft at
tendon-hone interface in the
shockwave group than the control
group. I"wthermore, shockwave
treatment significantly induced the
ingrowlh ol neovascudarization
associated with inereased expressions
ol angiogenie growlh indicalors in
tendon andd bone, and al the tendon-
Lone interface as compared with Lhe
conlrol. The elfects of shiock waves
appeared o be time-dependent as
well as being dose-dependent.

In conelusion. cxlracorporeal
shock waves produced consistent
biological eflecls in tendon and bone,
and at the tendon-bone interlface.
The biolpgical mechanism of
musclloskeletal shockwaves appeared
Lo stimulale the expressions of
anglogenic growlh factors and induce
the mgrowth ol neovasculavization.
Neovascularization may play a rolein
Lhe irmprovement of blood supply and
healing of Leudon and bhone.

Introduction

Extracorporeal shock wave has
been shown to be ellective for cortain
orthopedic condilions including
non-union of long bone [ractare, *°
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calcilying tendonitis of the
shoudcler, " Jaleral eplcondylitis of
Lhe elbow "= proximal plantar
fasciilis™ " and Achilles lendonitis.”
I animal experitnents, shockwaves
also showed positive eflects i pro-
moling bone healing.'™ " = Howover,
the exact mechanism ol shockwave
n musculoskeletal disorders remains
unknowin, The results of animal
experiments dermonstrated That
shockwaves induced neovascularize
{ion al the teadon-hone junction.
We hypolhesized that physical
shockwaves might induce bickogical
cffects that lead 1o healing of tendons
and bone. The purpeses of the studies
were 1o investigate the biological
oflects of shockwaves in tendon,

bone and tendon-hone interface and
Lo clucidale the biological inechanism
of musculoskeleinl shockwaves.

Materials and Methods

The approval of The Institutional
Review Board was oblained. These
sludies were performed under the
guidelines and the care and use of
animals in rescarch,

I. Experimental study in tendon
Fifty Now Zealand white rabbils
of 12 months old with body weight
ranging [rom 2.5 o 3.5 Kg were used
in this study. The right mbs {study
side) received shockwave treatment
1o the Achilles tendoen near Lhe
insertion 1o heel hone, while the Iefl
limbs (conlroel side ) received sham
lreatment with no shock waves,
The source of shockwave was from
an cteetrohydraulic OssaTron device
(High Medical Technology,
Kreuzlingen, Switzerland). The
shockwave (ube was [ocused on the
Achilles tendon near 1he insertion,
and the depth ol the Lreabment was
determined with the control guide of
the machine and confirmel with
C-arm image. Each of the study limbs
received a single treatment of
shiockwave with 500 impulses at
14 kV (equivalent Lo 0.18 mJ/Auny).

The shockwave dosage so selected
was based on our previous experi-
ences in aniimal studics < = The
sham treatment was performed on
the: lelt limbs (control side) using a
chunmy cleetrode that did not generale
acoustic waves with (he impulses.
Histomorphological exaniinalion

Biopsies of the Achilles tendon-
hone unit were performed in 0, 1, 4, 8
and 12 weeks with 10 rabbits at cach
time interval with the {irsl hiopsy
obtained in 24 hours aller shockwave
application. The decalcifiedd
gpecimens were seclionoed and
stained with hermatoxvlin-eosin stain.
The tissue distribulions and thoe
nwnber of new hlood vessels
including capillary and muscularized
vessel were exanined microscopically.
Imunanokistochendistry analysts

The angiogenic growlh markers
meluding vessel endothelial growth
faclor (VEGIT) and endethelial nitiie
oxide synlhase (eNQS) were
cxamined 1o conlirm the neovasenlar-
zation, and proliferating cell nuclear
antigen (PCNA) was chosen to reflect
endothetial cell profiferation with
imumunehistochemisiry stains, -
The vessels showing posilive VEGEF
cxpression wud cells displaying
posilive PCNA wud eNOS expressions
were counted microscopically and
Lhe numbers of celis atid tissues
with posilive expression werce
quantitatively asscssed,
Results of biological response in
{endon

The results of eNOS, VISGIT and
PONA expressions and the number
of neo-vessel of the study and Lhe
control sides are sununarized i
Table 1. I the study side, a
sighificant increase in the munber of
neo-vessels was noted in 4 to 12
weeks, whereas no increasce of
neo-vessels was noted i Lthe conlrol
side, and the difference was
stalisticailv significant. It appeared
that the ingrowth ol neo-vessels alter
shockwave trealment was tune
dependent. In the study side,
significant increases of eNOS, VEGT
and PCNA were noted inas carly as
one week and lasted for 8 woeks
before they declined (o normal at
12 weeks. oxcepl PONA increase
lasted until 12 weeks (Fig. 1), In tlic
control side, howoever, no significant
changes in eNOS, VEGE and PCNA
expressions were noted, and the
dilfferences between the study and
control sicles were statisticatly
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Table 1. The results of eNOS, VEGF and PCNA expression and significant. 1 appeared that shockwaves stimulated the
the number of neo-vessels in tendon

carly release of oNOS, VEGE arut PONA expressiong, and
subseguent ingrowtl of neo-yvessels,

I1. Experimental study in bone

Mean 5D | Mean + 5D Twenty-four New Zealand while rabbils of 12 months old
with budy weight ranging fronn 2.7 ke Lo 3.6 kg woere used in
0- week (N=10) this study A 15 mm IKivehmuor pin was inserted relvograde
aNGS 112 £ 19 104 + 21 057 into the canal of the femur through a mint-arthrolongy of
VEGF 1443 1244 0.94 e knee. A closed fracture ol the vight femur was created
PCNA 145 + 21 132 + 24 0.75 willy 2 Lthree-point bewdhmethod and was confirmed wilh
Neo vessel 2243 24+ 4 0.93 radiographs. The rabbils were randomly divided inlo three
groups with eight ralsbits in cacti group. The Dest group
1-week (N=10} (the control) veceived sham treatinent witly no shock wave.
eNOS 124 + 21 293 +£ 131 <0.001 The second group received low-energy shock wave swith
VEGF 1744 33+5 0.0068 2000 impulses at 14 KV {equivadent 1o 418 mJ/mon energy
PCNA 155 + 37 332 + 28 0.021 Mux densiiyv)y. The thivd gronp received high-energy shock
Neo-vessel 24+ 4 I6L5 0.95 wave with 000 hapulses al 14 KV, Shock waves were
applicd in one weelk after the operation when the surgical
4-week (N=10) wornidds had healed. The location of the fracture sile anl
eNOS 131424 344 + 32 <0.001 the depth of the trealment were confirmed with the control
VEGF 145 366 0.0018 guide of the machine and C-arny boaging, The sham
PONA 134 £38 320£32 0.011 freatiment was perforined with a dunvny electrode thal died
heo-vessel 22+5 42+4 0.024 nol genersle acoustic wives with (he impulses,

Radiographs of the vight fenur in A-P and lateral views

8-week (N=10) ; . . rin ! .
woere performed int ' and 132 woeeks, The Mvacture healing

eNQS 138+ 26 265 £ 45 0.016 ] 3 . o o i -
was evalnated with clinical assessinent and eonlirmed with

VEGF 1544 28+ 4 0.034 radiograpliuce exanination.

PCNA 167+ 33 312136 0.024 Biomoecinanical cxaiaciiadion

Nec-vessel 24+5 40+5 0.021 The animals were saerificed at 12 woeeks, and o

12-week (N=10) :‘3:01:1 h)ng [emur bone in(.:lutling 1.1_1L_'_(:;1llns .\ms l'lar.vvs.;lv(l.

eNGS 136 4+ 21 185 + 42 0.71 lllw bv].),(;(;—];m‘].]b \\H(u :1171.1)_1(]*\:]-%[‘0 l\_)[i.()lIIO('Ilz-l;}l('ilill\}‘Sl.lll;_’f 011} .

VEGF 1745 16+ 4 0.84 % (111( 1114 Iostm}g\g ll_\;l( I (1 b,{;»luum;p]u 1.:: [\.;i_ )Tlln( dding
soak lo souk slress ihus Jasticily, >

PCNA 154 491 280 + 78 0034 y.( il Jo 1(4: 1 _s_r. s_s iy ll.l(lfvllll% Ur(.r 31(17_\. %
hiomechanical Lesting was shuilarly performed in

Neo-vessel 25+6 42 + 4 0.017

high-cnergy, low-cnergy and control grouys.

Povalues: Comparison ol the conrrol wilh the shock wave side wis based
o Mann-Whilney {est G mapasfication)
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T, { Y e s - L il - of 5 i
R . Bone a” -3 Bone o= Bone
el o [ - r [ e — e ol - w - - ’.“1-;/
e L3 N L =& L j ..‘-ﬂ-‘.‘" - -
=3 .“,I . k 05 5‘ = 3 :_ * ra =3 2 ‘ —io ‘ - - o = - ~a
> EO- . o i F X, . =, w .-f' "' - -
Jepdom + 7, T 4 T (Control); Tengon .- " CS‘ntro}{,j Tendon R {fontrol)
. . v 3 B -ﬂ-‘ S - ¥ Bf a W e - e - ‘__B -
boos ' . Bone " ~Bam - - one
i - ‘ g e : ,Lwﬁ‘_ y 7w . ;
g . e, % j ¢ ¥ f.{ N S
- . TR R, - ] § — B o
- oy i ] e " e Sl
T L e B he e e el y. &7 - .’.;n'-ﬁ = e
Tendon.. . - AShock Wave) “Fepdon .. . _ (Shock Wave) Tondong . = _  =4ShockWave)
450 7 —e— Contro! —e— Contral il (S“,snt::n‘ \
—C— Shock wave 30 - —0— Shock wave 400 - —O— Shock wave
300 0 ; 300 %“’%
30 -
200
150 - 204 ¥
: 10 | 100 |
0 — 0 R — 0 Ee——
o0 1 4 8 12 o 1 4 8 12 o0 1 4 8 12
Weeks after shock wave lherapy Weeks after shock wave therapy Weeks afler shock wave therapy
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Histomorphological
examination

After biomechanical
testing, the specimens were
decalcified and sectioned and
subject to hematoxvlin-eosin,
alcian blue or alizarin recl
stains (Sigma Chemicals Inc,
St. Louis, MO, USA) for the
purpose of distinguishing
fibrous tissue, cartilaginous
and bony tissues within the
region of interest.
Immunohistochemical
examinalion

The anglogenic activities
including eNOS, VEGF,
BMP-2 and PONA werc
examined wilth immunohisto-
chemistry stains for
verification of neo-vessels.
The specimens were
mmmunostained for eNOS,
VEGF, BMP-2 and PCNA
(Santa Cruz Biotechnolog Inc,
CA, USA). An antibody against
von Willebrand factor (vWI%)
was used 1o identify the
nmunolocalization of
neo-vesscls in the fracture
sites. The number of positive
immuno-labeled cells and total
cells in cach arca were
counted and the percentage of
positive labeled cells was
calculated.

Results of biological response in bone
g

Histomnorphology
showed (hal
high-cnergy shock
waves produced
significantly more
cortical bone. less
[ibrous tissuce

and commparable
woven bone than
the control and
lew-energy shock
waves.”’

Biomechanical testing
showed that high-
onergy shock waves
demonstrated better
bone strength
including peak load,
peak stress and
moculus of elasticity
than Jow-energy
shock waves and

the control. The low-
energy shock waves
showed comparable
results as compared
with (he control.”

The histomorphological features showed that
high-energy shock waves produced significantly
more cortical bone, less fibrous tissue and
comparable woven bone than the controt and
low-energy shock waves (Fig. 2). The results of
low-energy shock wave did not differ significantly

from the control group.

The results of biomechanical study showed that
high-energy shock waves demonstrated better bone
strength including peak load, peak stress and
modulus of clasticity than low-cnergy shock wave
and the control (Fig. 3). The low-energy shock
waves showed comparable results as compared with

the control.

The results of positive eNOS, BMP-2, VEGE and
PCNA immunostained cells and the numbers of

neo-vessels in the fracture sites of the control

low- and high-energy groups are suunmarized i
Table 2. The numbers of neo-vessels and cells with
positive eNOS, BMP-2, VEGE and PCNA expressions
are significantly higher in high-energy shockwave
group than the control and low-energy groups

(Fig. 4). The data of the low-energy group did

not differ significantly from the control group.

The biological effects of shockwaves appeared to

be dose-cependent.

400
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Table 2. The results of positive eNOS, VEGF, BMP and PCNA
immunostained cells and the number of neo-vessels in bone.

e T

Shock waves | Control Low-energy | High-energy
Neo-vessel N=8 N=8 N=8
and growth | Mean+SD | Mean +5SD Mean = SD
indicator
BMP-2 211 £ 21 207 £ 28 348 +19
P-value 1 0.74 0.015
P-value 2 0.026
eNOS 179+ 16 192 £ 18 272 £ 21
P-value 1 0.89 0.026
P-value 2 0.014
VEGF 168 + 20 186 + 20 257+ 21
P-value 1 0.62 0.036
P-value 2 0.024
PCNA 196 + 26 213 £18 306 £ 21
P-value 1 0.87 < 0.01
P-value 2 0.017
Neo-vessels 37+10 43+12 78+ 17
P-value 1 0.72 0.012
P-value 2 0.006

The dara were analvzed using a general linear maodel followed by a
Duncan’s multiple range of test to detevmine the significance between -
treatments. (40x magnitication)

P-value 1: comparison of the control with low- and high-energy groups.

P-value 2: comparison of low-energy with high-encrgy groups.
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111, Experimental study in
tendon-bone interface

Thirty-six New Zealand white
rabbits of 12 months old with body
weight ranging from 2.79 Kg to 3.65 Kg
were used in this study. Arthrotomy of
the knee was carried out and the
anterior cruciate ligament (ACL) was
excised. The long digital extensor
tendon was dissected off distally at the
musculotendinous junction while the

proximal end was left intact. A tibia
tunnel was created with a graft
size-matched drill bit. The distal end of
the graft was pulled through the tibia

tunnel to complete ACL reconstruction.

Shockwave applicalion

The left knees received sham
treatment with no shock wave, and
were used as the control group.
The right knees received shockwave
treatment immediately after surgery,

L= -

vWF - - v, =

L

The numbers of neo-vessels and cells with positive eNOS, BMP-2, VEGF and PCNA expressions are
significantly higher in high-energy shock wave group than the control group.

Shock wave

Control

T
P

> ey

The trabecular bone surrounding the tendon graft increased significantly in the shiock wave group as
compared with the conrrol group. The bonding between tendon and bone was nwuch more intimate

in the study group than the control.™

and were regarded as the study group.
The shockwave tube was focusec on
the mid-portion of the tibia tunnel with
the control guide of the device, and the
depth was estimated clinically and
determined with an ultrasound guide.
Each knec was treated with 500
impulses of shockwaves at 14 kV
(equivalent to 0.18 mJ/mm?*) to the
right knee. In sham treatment, a
dummy electrode was used that no
acoustic waves were generated with
the impulses.
Histomorphological Studies

Twenty-four rabbits were sacrificed
at different time mtervals with
4 rabbits each at 1, 2, 4, 8, 12 and
24 weeks. The central portion of the
proximal tibia including the tendon
graft was harvested. The specimens
were decalcified, sectioned and
stained with hematoxylin-eosin stain.
The distribitions of the tissues
surrounding tendon graft and the
bonding of trabecular bone to tendon
were examined microscopically.
Biomechanical exaniination

Twelve rabbils were sacrificed at
12 and 24 weeks with 6 rabbits at each
time interval. The ligament structures
of the knee were removed and only
the ACL graft was retained. The
tensile strength of the graft was
measured with slow load distraction
curve on Material Testing Machine
(MTS, Minneapolis, MN). The pullout
strength, the failure load and the
modes of failure were analyzed.
Divmaunohistochemical examinalion

The decalcified specimens were
cutl into sections in longitudinal and
axial directions. Sections were
immunostained for eNOS, VEGF,
BMP-2 and PCNA (Santa Cruz
Biotechnolog Inc, CA, USA) for the
purpose of identifving angiogenic
growth indicators. An antibody against
von Willebrand factor (viW}F) was used
to identify the immunolocalization of
neo-vessels. The numbers with
positive expression were quantitatively
assessed.
Results of biological response in
tendon-bone interface

The trabecular bone in the
surrounding tissues of the tendon graft
increased significantly with time in the
study group (P < 0.05), whereas, the
changes in the control group were
statistically not significant (P > 0.05).
The difference in the amount of
trabecular bone around the tendon
graft between the study and control
groups was statistically significant




after 4 weeks. The bonding between tendon  Table 3. The results of eNOS, VEGF-A, PCNA and BMP-2 expressions and the
and bone was much more intimate in the number of neo-vessels in tendon-bone interface.

study group than the control group, and

the difference in the percentage of bonding Growth Shockwave

between tendon and bone was statistically indicator Mean +SD | Mean = SD

significant between (he study and control

groups (P < 0.05) (Fig. 5). 1-week (N=3) eNOS 256421 112+18 <0.001

The biomechanical testing showed that VEGF-A 246+36 228+25 0.82
higher tensile strength of the graft and PCNA 122+15 12317 0.63
better pullout failure load noted in the BMP-2 89+11 94+13 0.58
shockwave group than the control group Neo-vessels 4749 4142 0.534
(Fig. 6).

The results of eNOS, VEGF, PCNA and 2-weeks (N=3)  eNOS 224424 106£18 0.006
BMP-2 expressions and the number of VEGF-A 389+42 254+27 0.014
neo-vessels at the tendon-bone interface at PCNA 234+21 138+19 0.023
different time intervals are summarized In BMP-2 143422 98+17 0.014
Table 3. T.he numbers. of neo-vessels and = Py 53412 46413 0619
the cells with positive immunostain ave -
significantly higher in the shockwave group 4-weeks (N=3) eNOS 202120 108+21 0.016
than the control group, and the difference VEGF-A 432441 268432 0.002
was statistically significant at different time PCNA 278426 143421 0.016
intervals (Fig. 7). BMP-2 18424 10416 0.007

. . Neo-vessels 8214 52+11 0.017
Discussion )

Some authors speculated that 8-weeks (N=3) eNO5 142£18 122£25 0.14
shockwaves relieved pain due to insertional VEGF-A 452+37 276+28 0.004
tendinopathy by hyper-stimulation PCNA 316%23 149+19 0.022
analgesia and increase ol pain threshold.™ BMP-2 212421 98+15 <0.001
Oth@‘ aitthors l13pothos.ized .thC 111(l?<:lla.111.sn1 Nasvaseals 93+15 4749 <0.01
of microfracture including micro-disruption
of avascular or minimally vascular tissue to 12-weeks (N=6) eNOS 123£19 108+23 0.57
encourage revascularization and the VEGF 463126 284+26 0.013
recruitment of appropriate stem cells PCNA 308421 158+25 0.017
ct(l)nductiv.e to 3.01'1@ hC?]ing..'-”'*’“ I:{ox;'%vcrl,l BMP-2 168424 106+18 0.023
t ue‘alc. nrlsu. '1<,1on-t data po s@on.l 1f:a y Neo-vessels 87414 44112 0.0085
substantiate either theory concerning the
mechanism of shockwaves in musculoskeletal 24-weeks (N=6) eNOS 132423 98+19 0.68
disorders. Many recent studics in animal VEGE 476+31 271425 <0.001
e?piringmw d.enlloggtratod .thc. mfdglz?@on PCNA 312428 154417 <0.001
of shoc \aw inclu mg neovascularization, BMP-2 st 115416 0,036
osteogenic dilferentiation of mesenchymal
stem cell and relcase of osteogenic and Neo-vessels 86412 47£12 0.0046

P-valites were based on Mann-Whitney test. (40x magnification) ,
Mzo Fig_ 7 Shockwave Control
i6 Shockwave eNOS ‘ - % ‘
2 12 T
a - §
2 Control o = ’
0 . BMP-2 e
3 : it i
4 Distraction (In) R - 4
VEGF-A s :
S = Seo—aah = ol
[sXels] 0.20 0.40 0.60 0.80 1.00 ,‘» o i =
EXTENSION {In) ; > L > .

Biomee
pull-out

esting showed higher tensile sirength and betrer
Ioad i (he shock wave group than the control group. ™

than the control group.”

The mimbers cells with positive inununostain for eNOS, BMP-2 and VEGIFF-A
at the tendon-bone interface are significantly higher in the shock wave group



angiogenic growlh factors. ===
Thevelfore, extracorporeal shockwaves
produced effects of tissue regeneration
ancl/or repair in musculoskeletal
{issues, rather than a mechanical
disintegration.

Many studies demonstrated that
over-expressions of eNOS and VEGH
induced angiogenesis.  The resulls
of the current studics demonstrated
for the first time that mechanical
shockwaves stimulated the ingrowth of
neovasculavization associated with
increased expressions of angiogenic
growth markers including eNOS. VEGI®
and PCNA in Ltendon. bone and
tendon-bone interface.
Neovascularization may play a role to
inwprove blood supply and healing of
tendon and bone. Rompe et al™
reported a dose related eflects of
shockwave on rabbit tendon Achilles.
Wang et al™ demonstrated that
sh™ wave treatment showed
dose-dependent enluancerient of bone
mass and bone strength after fracture
of the femur. The results of these
studies showed that the eflect of
shockwave in musciloskeletal tissuces
appeared to be time-dependent as well
as being dose-dependant. Therefore,
it seemed likely that physical
shockwaves raised the
mechanotransduction and converted
into biological signals thal lead to a
cascade of biological responses in
tendon, bone and tendon-bone
interface (Fig. 8).

Conclusion

The biological mechanism of
musculoskeletal shockwaves appeared
to initially stimulate the expressions of
anglogenic growth factors, and
subsequently the ingrowlh of
neovascularization and improvement
in blood supply that lead to repair of
tendon and bone. Musculoskeletal
shockwaves produced consistent
biological effects in tendon and bone
and at the tendon-bone interlace.
In contrast to lithotripsy where
shockwaves are used to disintegrate
urolithiasis, shockwaves in orthopedics
(orthotripsy) are not been used to
disintegrate tissues, but rather to
microscopically cause interstitial and
extracellular biological effects
ncluding tissue regeneration.
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