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Abstract—Elucidation of the precise mechanisms and therapeutic options of extracorporeal shock wave therapy
(ESWT) is only at the beginning. Although immediate real-time effects of ESWT on cutaneous hemodynamics have
recently been described, the dose response to different ESWT energies in cutaneous microcirculation has never
been examined. Thirty-nine Sprague-Dawley rats were randomly assigned to three groups that received either
focused high-energy shock waves (group A: total of 1000 impulses, 10 J) to the lower leg of the hind limb, focused
low-energy shock waves (group B: total of 300 impulses, 1 J) or placebo shock wave treatment (group C: 0 impulses,
0 J) using a multimodality shock wave delivery system (Duolith SD-1 T-Top, Storz Medical, Tagerwilen,
Switzerland). Immediate microcirculatory effects were assessed with the O2C (oxygen to see) system (LEA Med-
izintechnik, Giessen, Germany) before and for 20 min after application of ESWT. Cutaneous tissue oxygen satu-
ration increased significantly higher after high-energy ESWT than after low-energy and placebo ESWT (A: 29.4%
vs.B:17.3% vs. C: 3.3%; p = 0.003). Capillary blood velocity was significantly higher after high-energy ESWT and
lower after low-energy ESWT versus placebo ESWT (group A: 17.8% vs. group B: —22.1% vs. group C: —5.0%,
p = 0.045). Post-capillary venous filling pressure was significantly enhanced in the high-energy ESWT group in
contrast to the low-energy ESWT and placebo groups (group A: 25% vs. group B: 2% vs. group C: —4%,
p = 0.001). Both high-energy and low-energy ESWT affect cutaneous hemodynamics in a standard rat model.
High-energy ESWT significantly increases parameters of cutaneous microcirculation immediately after applica-
tion, resulting in higher tissue oxygen saturation, venous filling pressure and blood velocity, which suggests higher
tissue perfusion with enhanced oxygen saturation, in contrast to low-energy as well as placebo ESWT. Low-energy
ESWT also increased tissue oxygen saturation, albeit to a lower extent, and decreases both blood velocity and
venous filling pressure. Low-energy ESWT reduced tissue perfusion, but improved oxygen saturation immediately
after the application. (E-mail: robert.kraemer @uksh.de)
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INTRODUCTION

Extracorporeal shock wave therapy (ESWT) was initially
established in the 1980s for urologic lithotripsy. It requires
a repetitive sequence of single sonic pulses defined by a
high peak pressure of 100 MPascal and a rapid rise in
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pressure under 10 ns with a short life cycle of approxi-
mately 10 us. These pulses are conveyed by a generator us-
ing electrohydraulics and applied to a specific target area
with a radius between 2 and 5 mm at a distinct energy den-
sity (Perez et al. 2013; Wang et al. 2007). Different
protocols of ESWT have since been used in several
fields of medicine, including orthopedic diseases such as
fractures, non-union fractures, osteonecrosis of the
femoral head, tendinopathy, calcarea of the shoulder, epi-
condylitis, plantar fasciitis and several inflammatory
tendon diseases (Elster et al. 2010; Kuo et al. 2009a;
Schaden et al. 2001; Wang et al. 2001, 2002, 2005).
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Furthermore, ESWT has been applied in limb or
myocardial ischemia and recently in the field of plastic
reconstructive surgery for the treatment of acute and
chronic wounds, skin flaps and burns (Kisch et al.
2015b; Omar et al. 2014; Ottomann et al. 2010, 2012;
Reichenberger et al. 2012). Shock wave pre- and post-
conditioning treatment has been reported to improve skin
flap survival through neovascularization and early upregu-
lation of angiogenesis-related growth factors (Mittermayr
et al. 2011; Nacak et al. 2014). In the current scientific
literature, there is a consensus that shock waves
influence a complex spectrum of cellular and
biomolecular functions. In particular, recent studies
reported increased blood perfusion and microvessel
number, vascular endothelial growth factor (VEGF) and
endothelial  nitric oxide synthase upregulation,
proliferating cell nuclear antigen expression and
decreased pro-inflammatory activity (Ha et al. 2013;
Kisch et al. 2015a, 2016; Kuo et al. 2009a; Mittermayr
et al. 2011; Yeh et al. 2012). Nevertheless, the physical
and biochemical mechanisms remain unclear. There exist
only a few studies that have investigated hemodynamics
after shock wave treatment, including the evaluation of
clinical parameters as skin flap survival, invasive
measurements as in vivo microscopy or laboratory
parameters as biomolecular proteins (Kuo et al. 2009a;
Mittermayr et al. 2011; Reichenberger et al. 2012).
Current trials on short-term and long-term cutaneous
microcirculatory changes after the application of ESWT
using different energy levels are missing. Therefore, the
aim of this preliminary study was to determine the imme-
diate effects of high-energy versus low-energy shock wave
therapy on the cutaneous microcirculation in a real-time
and non-invasive setting, using a rat standardized model.

METHODS

Animal model and experimental protocol

The study included 39 male Sprague—Dawley rats
(250-350 g body weight, Charles River Laboratories,
Sulzfeld, Germany), housed two/cage at 21°C on a natu-
ral light/dark cycle, as well as water and standard labora-
tory chow ad libitum. The experiments were conducted in
accordance with the German legislation on protection of
animals and the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Research Coun-
cil). Rats were randomly assigned to three groups. Group
A received focused high-energy ESWT (shock waves at
0.3 mJ/mm?” and 4 impulses/s for a total of 1000 impulses
totaling 10 J). Group B received focused low-energy
ESWT (shock waves at 0.1 mJ/mm? and 5 impulses/s
for a total of 300 impulses totaling 1 J). Group C received
placebo ESWT without energy application (0 impulses
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totaling O J). The hair of the left lower leg of each rat
was removed with an electrical shaver. Rats were fixated
with tape on a platform. The ESWT device (Duolith SD-1
T-Top, Storz Medical, Tagerwilen, Switzerland) was
applied to the lower leg of the left hind limb. The device
allows generation of both focused and radial shock
waves. In this study, focused extracorporeal shock wave
therapy was used. Applications were performed by the
same experienced physician using contact gel without
relevant pressure to the tissue. During the experiments,
the rats were under sufficient pentobarbital sodium anes-
thesia (55 mg/kg body weight ip, Narcoren, Merial, Hall-
bergmoos, Germany) controlled by stable heart rate and
breathing frequency to minimize microcirculatory affec-
tion caused by pain reaction. Body temperature was
maintained at 36°C-37°C using a heating pad.

Microcirculatory analysis

After anesthesia delivery, the cutaneous microcircu-
lation of each rat was allowed to stabilize for 10 min
before investigating the cutaneous microcirculation using
a non-invasive combined laser Doppler and photospectr-
ometry system (O2C [oxygen to see], LEA Medizintech-
nik, Giessen, Germany). Before and continuously over
20 min after application of ESWT, the microcirculation
was assessed in real time at the treated body area.

A fixation apparatus was used for placing the probe
at the same location as the ESWT device, to minimize
measurement artifacts caused by vibration (Fig. 1). Base-
line measurements were carried out for 1 min before
application of focused ESWT. After application of
ESWT, microcirculation was assessed continuously in
real time for 20 min.

The determination of hemoglobin and the principle
of blood flow measurement are combined in the O2C sys-
tem. The optical method for measuring both blood flow
velocity with the laser Doppler technique and hemoglobin
oxygenation and hemoglobin concentration in tissue with
spectrometric techniques has been described in detail else-
where (Frank et al. 1989; Rothenberger et al. 2014). Local
oxygen supply parameters, blood flow velocity, oxygen
saturation of haemoglobin and relative post-capillary
venous filling pressures were recorded with an optical fi-
ber probe. The fiber probe incorporates both the laser
Doppler method and the broadband light spectrometry
technique. The probe used assessed data at a 2-mm depth
with respect to: cutaneous capillary blood flow velocity
(arbitrary units [AU]), cutaneous tissue oxygen saturation
(%) and cutaneous venous filling pressure (AU).

We recently described the use of the O2C system in
evaluation of cutaneous effects of remote ischemic pre-
conditioning and the correlation of free flap skin temper-
ature to free flap microcirculation (Kraemer et al. 2011a,
2011b). A 5% intra-subject variability was determined
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Fig. 1. Apparatus for fixing the laser Doppler system at the dorsal lower leg of the hind limb of the rat to minimize mea-
surement artifacts caused by vibration.

for the O2C system indicating that the laser Doppler and
spectrophotometry method is reliable under standardized
testing conditions (Ghazanfari et al. 2002).

Statistical analysis

Repeated-measures analysis of variance with a Bon-
ferroni—Holm post hoc test was used to compare baseline
pre-application versus post-application microcirculatory
changes with respect to treatment. A p-value < 0.05 was
considered to indicate statistical significance. The SPSS
statistical software package Version 16.0 for Windows
(SPSS, Chicago, IL, USA) was used for statistical analysis.

RESULTS

Cutaneous tissue oxygen saturation

Baseline cutaneous tissue oxygen saturation was
similar in both experimental groups (group A: 55.6
* 9.0%, group B: 55.6 = 10.2%, group C: 63.9
* 13.0%, n.s.). Cutaneous tissue oxygen saturation
increased 41.2% more in group A than in group B imme-
diately after ESWT (p = 0.003). Compared with baseline,
cutaneous tissue oxygen saturation increased by 29.4% in
group A (p = 0.001), by 17.3% in group B (p = 0.008)
and by 3.3% (n.s.) in group C. Cutaneous tissue oxygen
saturation remained on a significantly higher level in
group A versus group B over the 20-min observation
period. Oxygen saturation decreased to 60.4 = 15.4%
in group A and 49.2 = 11.5% in group B, respectively
after 20 minutes suggesting an equivalent level of oxygen
saturation versus baseline in group A and a significantly
decreased level (by 18.3%) in group B (p = 0.047). Cuta-
neous tissue oxygen saturation in the group C remained
non-significantly changed from baseline (Fig. 2).

Cutaneous blood velocity
Baseline cutaneous capillary blood velocity in the
high-energy ESWT group A was 16.1 = 3.6 AU versus

19.7 = 9.9 AU in the low-energy ESWT group B and
15.5 £ 2.2 AU in group C. Directly after ESWT applica-
tion, capillary blood velocity increased by a mean of
17.8% at the treated area of the rodents in group A,
whereas it decreased by means of 22.1% and 5% in
groups B and C (difference p = 0.045). Cutaneous capil-
lary blood velocity of group A remained elevated both
above baseline and above group B until the end of the
20-min observation period (group A: 19.8 = 8.4 AU vs.
group B: 16.1 = 6.5 AU, p = 0.024 vs. baseline). In
contrast, cutaneous capillary blood velocity in group C
remained below baseline over the 20-min observation
period (p > 0.05 vs. baseline) (Fig. 3).

Cutaneous relative post-capillary venous filling
pressure

Baseline cutaneous post-capillary venous filling
pressure was 23.2 * 3.2 AU in group A versus
25.0 = 4.3 AU in group B versus 27.6 = 7.5 AU in group
C. Immediately after ESWT, post-capillary venous
filling pressure increased 23% more in group A relative
to group B (p = 0.014). Compared with baseline, cuta-
neous post-capillary venous filling pressure increased
by 25% in group A (p = 0.001), and 2% (p = 0.373)
in group B immediately after ESWT, whereas it
decreased by 4% in group C (p > 0.05). Post-capillary
venous filling pressure continued to decrease after
5 min post-ESWT until the end of the experiment to
the lowest level versus baseline in group B. These levels
were significantly lower than what was observed for
groups A and C for all time points assessed (group A:
273 £ 64 AU vs. group B: 22.8 = 3.9 AU,
p = 0.014; group C: 25.0 = 7.6 AU, p > 0.05). Post-
capillary venous filling pressure in group A remained
at a significantly higher level versus baseline measure-
ments until the end of the 20-min observation period
(group A: 273 *= 64 AU vs. 232 = 32 AU,
p = 0.043) (Fig. 4).
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Cutaneous tissue oxygen saturation
Storz Shockwave Placebo (0J) vs. Low (1J) vs. High (10J) Energy ESWT
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Fig. 2. Microcirculatory effects of high-energy (10 J) versus low-energy (1 J) versus placebo (0 J) extracorporeal shock
wave therapy (ESWT) on cutaneous tissue oxygen saturation. One minute after ESWT application, cutaneous tissue ox-
ygen saturation increased 41.2% more in the high-energy ESWT group than in the low-energy ESWT group (p = 0.003).
Compared with baseline, cutaneous tissue oxygen saturation in the high-energy ESWT group increased by 29.4%
(p = 0.001), that in the low-energy ESWT group by 17.3% (p = 0.008) and that in the placebo group by 3.3% (n.s.).
Cutaneous tissue oxygen saturation remained at a significantly higher level in the high-energy ESWT group versus the
low-energy ESWT group over the 20-min observation period. Twenty minutes after the application, oxygen saturation
parameters decreased in the high-energy ESWT group to baseline and those in the low-energy ESWT group to a signif-
icantly decreased (by 18.3%) level (p = 0.047). Cutaneous tissue oxygen saturation in the placebo group remained non-
significantly changed from baseline. *p < 0.05.

DISCUSSION

During the last few decades, ESWT has been suc-
cessfully employed in the medical fields of orthopedics
and urology (Elster et al. 2010; Perez et al. 2013;
Schaden et al. 2001; Wang et al. 2001, 2002, 2005,
2007). Of late, additional fields, for example,
dermatology, esthetics, plastic surgery, hand surgery
and internal medicine, have begun to investigate ESWT
as a useful and effective therapy (Kisch et al. 2015a,
2016; Kuo et al. 2009b; Mittermayr et al. 2011;
Reichenberger et al. 2012). Regardless of the medical
speciality, the underlying mechanisms of the physical
force and corresponding biological changes that result
from ESWT are not entirely clear. Thus, we aimed to
determine the acute hemodynamic effects of this
therapy on cutaneous microcirculation, in addition to
the dose—response relationship between different ESWT
energies and the target tissue. Furthermore, we
hypothesized differential effects over time on the
cutaneous microcirculation of rats receiving either high
or low ESWT. Indeed, as reported above, both
high-energy and low-energy ESWT had an impact on
the cutaneous circulation of the rat’s lower hind limb.

Interestingly, the effects were profoundly different
(Figs. 2-4). High-energy ESWT significantly increased
cutaneous capillary blood flow velocity with enhanced
tissue oxygen saturation. On the other hand, low-energy
ESWT significantly decreased cutaneous capillary blood
flow velocity and post-capillary venous filling pressure.
The shock waves used in this therapy can be gener-
ated by electrohydraulics emitting biphasic high-energy
acoustic waves that rapidly decline with high peak pres-
sures (Wang 2003). The energy of the shock wave is ab-
sorbed by the target tissue as it propagates over a specific
distance. Parabolic reflectors can modulate the degree of
wave focus to administer a certain concentration of en-
ergy leading to transient micromechanical forces
(Mariotto et al. 2005; Yan et al. 2008). One proposed
mechanism of action is mechanotransduction initiated
through cell surface receptor response to extracellular
matrix and fluid changes (Ha et al. 2013). Resultant
changes in biological activity occur because of perturba-
tions to the cytoskeleton (Kuo et al. 2009b; Sonden et al.
2006). This may explain why ESWT exhibits not only
destructive effects on solid materials like bone and
urolithiasis, but also healing effects on tendinous,
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Cutaneous capillary blood velocity
Storz Shockwave Placebo (0J) vs. Low (1J) vs. High (10J) Energy ESWT
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Fig. 3. Microcirculatory effects of high-energy (10 J) versus low-energy (1 J) versus placebo (0 J) extracorporeal shock

wave therapy (ESWT) on cutaneous capillary blood velocity. Directly after ESWT application, capillary blood velocity

increased by a mean of 17.8% and remained elevated both above baseline and above the low-energy ESWT group until the

end of the 20-min observation period. In contrast, it decreased by a mean of 22.1% in the low-energy ESWT group and 5%

in the placebo group. Cutaneous capillary blood velocity in the low-energy ESWT group and placebo group remained
below baseline over the 20-min observation period. *p < 0.05.

muscular, subcutaneous and cutaneous tissue. In
particular, ESWT used in the treatment of tendon and
muscle tissues improved tissue regeneration long term
and, in addition, had a more immediate analgesic and
anti-inflammatory effect (Lee et al. 2012). Recently,
shock wave administration has been reported to consis-
tently suppress an early pro-inflammatory immune
response after traumatization (Davis et al. 2009; Kuo
et al. 2007; Mariotto et al. 2005). ESWT was also found
to improve survival of ischemic skin flaps through
enhanced tissue revascularization and repair in animal
models (Kuo et al. 2007, 2009b; Mittermayr et al.
2011). Yan et al. (2008) applied ESWT with 750 impulses
at 0.09 mJ/mm? to the mid- and distal portions of a cranial
random pattern flap model in rats and observed increased
blood perfusion and increased nitric oxide and vascular
endothelial growth factor expression. The authors re-
ported increased vasodilation of pre-existing vessels in
the early post-operative period with neovascularization
on post-operative days 3 and 10. In our study, we found
significantly increased higher tissue oxygen saturation,
venous filling pressure and blood velocity of the cuta-
neous microcirculation immediately after the application
of high-energy ESWT. Our data support previous findings
that ESWT can lead to alterations in the microcirculation,
specifically tissue oxygen saturation, which may explain
the enhanced tissue survival in the standardized flap
models. This is in line with the findings of Kuo et al.
(2007), who observed an increase in vascular endothelial

growth factor and proliferating cell nuclear antigen
expression, reduced leukocyte infiltration and decreased
tumor necrosis factor expression in ischemic zones of
the flap, after administering focused shock waves (500
impulses at 0.15 mJ/mm?) to certain areas of a random
dorsal skin flap model in rodents. The authors proposed
that ESWT had an ameliorating effect on the inflamma-
tory response in the ischemic tissue.

Another aim of our study was investigation of a prob-
able dose—response relationship between different ESWT
energies on tissue, as no study to date has investigated a
real-time dose dependent effect immediately after ESWT
on the cutaneous microcirculation. Kamelger et al.
(2010) recently assessed a clinical dose-dependent effect
of shock wave therapy in a murine epigastric skin flap
model by varying impulses (200, 500, 1500, 2500, 5000)
at 0.11 mJ/mm”. An enhancement of skin flap survival
was observed at 500 impulses without a further beneficial
effect at 1500 and 2500 impulses. Increased necrosis of the
skin flap was even observed at 5000 impulses. Accord-
ingly, we chose a maximum energy of 10 J, equivalent to
1000 impulses of shock waves at 0.3 mJ/mm? with 4 im-
pulses/s for our study. Mittermayr et al. (2011) adminis-
tered shock waves at 0.1 mJ/mm? with 5 impulses/s and
a total of 300 impulses in an epigastric flap ischemic region
at various times before, immediately after and 24 h after
ischemia in an animal model and found that flap perfusion,
microvessel number and flap survival in the treated groups
were significantly enhanced compared with controls
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Cutaneous postcapillary venous filling pressure
Storz Shockwave Placebo (0J) vs. Low (1J) vs. High (10J) Energy ESWT
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Fig. 4. Microcirculatory effects of high-energy (10 J) versus low-energy (1 J) versus placebo (0 J) extracorporeal shock
wave therapy (ESWT) on cutaneous post-capillary venous filling pressure. Immediately after ESWT, post-capillary
venous filling pressure increased 23% more in the high-energy ESWT group relative to the low-energy ESWT group
(p = 0.014). Compared with baseline, cutaneous post-capillary venous filling pressure increased by 25% (p = 0.001)
in the high-energy and 2% in the low-energy ESWT group (p = 0.373) immediately after ESWT, whereas it decreased
in the placebo group by 4% (p > 0.05). Post-capillary venous filling pressure continued to decrease after 5 min post-
ESWT until the end of the experiment to the lowest level versus baseline in the low-energy ESWT group. These levels
were significantly lower than what was observed for the high-energy ESWT and placebo groups for all time points as-
sessed. Post-capillary venous filling pressure in the high-energy ESWT group remained at a significantly higher level
versus baseline measurements until the end of the 20-min observation period (p = 0.043). *p < 0.05.

(Mittermayr et al. 2011). Both studies suggest that flap
perfusion was improved after extracorporeal shock wave
treatment using high and low energy. However, immediate
effects on microcirculation that might influence vessel
growth in the flaps, for example, by shear stress (Galie
et al. 2014), have never been elucidated. Therefore, we
compared high-energy ESWT at 10 J with low-energy
ESWT at a minimum dosage of 1 J at 0.1 mJ/mm?, 5 im-
pulses/s and a total of 300 impulses, in line with Mitter-
mayr et al. Microcirculation is an important parameter of
tissue nutrition. Here, we used a non-invasive combined
laser Doppler and photospectrometry system to measure
cutaneous capillary blood flow velocity, cutaneous tissue
oxygen saturation and cutaneous venous filling pressure.
Tissue oxygen saturation and venous filling pressure are
measured by simultaneous photospectrometry, and blood
flow in the small vessels is measured by the laser Doppler
system, which estimates the sum of the product of erythro-
cyte number and velocity. We found that blood flow veloc-
ity increased in the high-energy ESWT group, whereas it
decreased in the low-energy ESWT and placebo groups.
Because blood flow is a measure of erythrocytes that
move in the tissue and no systemic differences in heart

rate or blood flow were documented in our experiment, it
might have been reduced by local vasoconstriction of the
small vessels. However, this phenomenon might be a
part of future studies.

Limitations

Although we found immediate effects of high-
energy and low-energy ESWT on cutaneous microcircu-
lation, our study is not able to support any findings of
the current literature with respect to tissue neovasculari-
zation, cellular gene expression or clinical consequences.
However, as clinical data on this issue are pending, our
study clearly indicates immediate changes in the cuta-
neous microcirculation after both high- and low-dose
ESWT in a standard rodent model. Albeit, caution is war-
ranted when extrapolating these data to a clinical situa-
tion, as the precise response on the tissue
microcirculation in humans is yet to be determined.

CONCLUSIONS

Both high-energy and low-energy ESWT cause
changes in cutaneous hemodynamics in a standard rodent
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model in comparison to placebo. High-energy ESWT
significantly increases parameters of microcirculation
immediately after application in the treated cutaneous
lower hind limb—higher tissue oxygen saturation,
venous filling pressure and blood velocity—suggesting
enhanced tissue perfusion with improved oxygen satura-
tion in contrast to low energy as well as placebo ESWT.
On the other hand, low-energy ESWT also increases tis-
sue oxygen saturation, albeit to a lower extent, with a
decrease after 5 min. Both blood velocity and venous
filling pressure decrease directly after the application,
indicating that oxygen saturation depends on the satu-
rated hemoglobin and, to a lower extent, on blood flow.
The reason for the reduction in oxygen saturation 5 min
after the application might be due to its indirect depen-
dency on tissue perfusion. Oxygen saturation is measured
with the O2C system mainly in the venules. Conse-
quently, a lower blood inflow might lead to lower oxygen
saturation in the venules because of the relatively
increased utilization of oxygen by the tissue during
reduced blood flow. Our findings support the indication
of high-energy ESWT to induce or re-establish inflamma-
tory status in a tissue that is inert and/or does not heal, for
example, chronic wounds, pseudarthrosis, non-union
fractures and osteonecrosis of the femoral head. Low-
energy ESWT may be a therapeutic option for reduction
of inflammation in abacterial inflammatory processes of
the skin or the musculoskeletal system, such as acute ten-
dinopathy or tendinosis calcarea of the shoulder, epicon-
dylitis and/or plantar fasciitis. However, the effects of
repetitive use of low-energy ESWT should be a part of
future studies.

REFERENCES

Davis TA, Stojadinovic A, Anam K, Amare M, Naik S, Peoples GE,
Tadaki D, Elster EA. Extracorporeal shock wave therapy suppresses
the early proinflammatory immune response to a severe cutaneous
burn injury. Int Wound J 2009;6:11-21.

Elster EA, Stojadinovic A, Forsberg J, Shawen S, Andersen RC,
Schaden W. Extracorporeal shock wave therapy for nonunion of
the tibia. J Orthop Trauma 2010;24:133-141.

Frank KH, Kessler M, Appelbaum K, Dummler W. The Erlangen micro-
lightguide spectrophotometer EMPHO 1. Phys Med Biol 1989;34:
1883-1900.

Galie PA, Nguyen DT, Choi CK, Cohen DM, Janmey PA, Chen CS.
Fluid shear stress threshold regulates angiogenic sprouting. Proc
Natl Acad Sci USA 2014;111:7968-7973.

Ghazanfari M, Vogt L, Banzer W, Rhodius U. Reproduzierbarkeit nicht-
invasiver Durchblutungsmessung mit der Laser-Doppler-Spektros-
kopie. Phys Rehab Kur Med 2002;12:330-336.

Ha CH, Kim S, Chung J, An SH, Kwon K. Extracorporeal shock wave
stimulates expression of the angiogenic genes via mechanosensory
complex in endothelial cells: Mimetic effect of fluid shear stress
in endothelial cells. Int J Cardiol 2013;168:4168—4177.

Kamelger F, Oehlbauer M, Piza-Katzer H, Meirer R. Extracorporeal
shock wave treatment in ischemic tissues: What is the appropriate
number of shock wave impulses? J Reconstr Microsurg 2010;26:
117-121.

Kisch T, Sorg H, Forstmeier V, Knobloch K, Liodaki E, Stang F,
Mailander P, Kramer R. Remote effects of extracorporeal shock
wave therapy on cutaneous microcirculation. J Tissue Viability
2015a;24:140-145.

Kisch T, Sorg H, Forstmeier V, Mailaender P, Kraemer R. Fractionated
repetitive extracorporeal shock wave therapy: A new standard in
shock wave therapy? Biomed Res Int 2015b;2015:454981.

Kisch T, Wuerfel W, Forstmeier V, Liodaki E, Stang FH, Knobloch K,
Mailaender P, Kraemer R. Repetitive shockwave therapy improves
muscular microcirculation. J Surg Res 2016;201:440-445.

Kraemer R, Lorenzen J, Kabbani M, Herold C, Busche M, Vogt PM,
Knobloch K. Acute effects of remote ischemic preconditioning on
cutaneous microcirculation—A controlled prospective cohort study.
BMC Surg 2011a;11:32.

Kraemer R, Lorenzen J, Knobloch K, Papst S, Kabbani M,
Koennecker S, Vogt PM. Free flap microcirculatory monitoring cor-
relates to free flap temperature assessment. J Plast Reconstr Aesthet
Surg 2011b;64:1353-1358.

Kuo Y, Wang C, Wang F, Yang KD, Chiang Y, Wang C. Extracorporeal
shock wave treatment modulates skin fibroblast recruitment and
leukocyte infiltration for enhancing extended skin-flap survival.
Wound Repair Regen 2009a;17:80-87.

Kuo Y, Wang C, Wang F, Chiang Y, Wang C. Extracorporeal shock-wave
therapy enhanced wound healing via increasing topical blood perfu-
sion and tissue regeneration in a rat model of STZ-induced diabetes.
Wound Repair Regen 2009b;17:522-530.

Kuo Y, Wu W, Hsieh Y, Wang F, Wang C, Chiang Y, Wang C. Extracor-
poreal shock wave enhanced extended skin flap tissue survival via
increase of topical blood perfusion and associated with suppression
of tissue pro-inflammation. J Surg Res 2007;143:385-392.

Lee SS, Kang S, Park NK, Lee CW, Song HS, Sohn MK, Cho KH,
Kim JH. Effectiveness of initial extracorporeal shock wave therapy
on the newly diagnosed lateral or medial epicondylitis. Ann Rehabil
Med 2012;36:681-687.

Mariotto S, Cavalieri E, Amelio E, Ciampa AR, de Prati AC,
Marlinghaus E, Russo S, Suzuki H. Extracorporeal shock waves:
from lithotripsy to anti-inflammatory action by NO production. Ni-
tric Oxide 2005;12:89-96.

Mittermayr R, Hartinger J, Antonic V, Meinl A, Pfeifer S,
Stojadinovic A, Schaden W, Redl H. Extracorporeal shock wave
therapy (ESWT) minimizes ischemic tissue necrosis irrespective
of application time and promotes tissue revascularization by stimu-
lating angiogenesis. Ann Surg 2011;253:1024-1032.

Nacak U, Calis M, Atilla P, Cetin A, Aksu AE. Extracorporal shock
wave therapy as a delay procedure to improve viability of zone 4:
An experimental study in a rat TRAM flap model. Ann Plast Surg
2014;77:e15-e20.

Omar MT, Alghadir A, Al-Wahhabi KK, Al-Askar AB. Efficacy of
shock wave therapy on chronic diabetic foot ulcer: A single-
blinded randomized controlled clinical trial. Diabetes Res Clin Pract
2014;106:548-554.

Ottomann C, Hartmann B, Tyler J, Maier H, Thiele R, Schaden W,
Stojadinovic A. Prospective randomized trial of accelerated re-
epithelization of skin graft donor sites using extracorporeal shock
wave therapy. J Am Coll Surg 2010;211:361-367.

Ottomann C, Stojadinovic A, Lavin PT, Gannon FH, Heggeness MH,
Thiele R, Schaden W, Hartmann B. Prospective randomized phase
II trial of accelerated reepithelialization of superficial second-
degree burn wounds using extracorporeal shock wave therapy.
Ann Surg 2012;255:23-29.

Perez C, Chen H, Matula TJ, Karzova M, Khokhlova VA. Acoustic field
characterization of the Duolith: Measurements and modeling of a
clinical shock wave therapy device. J Acoust Soc Am 2013;134:
1663-1674.

Reichenberger MA, Heimer S, Schaefer A, Lass U, Gebhard MM,
Germann G, Engel H, Kollensperger E, Leimer U, Mueller W. Extra-
corporeal shock wave treatment protects skin flaps against ischemia-
reperfusion injury. Injury 2012;43:374-380.

Rothenberger J, Krauss S, Held M, Bender D, Schaller H,
Rahmanian-Schwarz A, Constantinescu MA, Jaminet P.
A quantitative analysis of microcirculation in sore-prone pressure


http://refhub.elsevier.com/S0301-5629(16)30246-0/sref1
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref1
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref1
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref1
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref2
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref2
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref2
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref3
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref3
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref3
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref4
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref4
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref4
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref5
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref5
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref5
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref6
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref6
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref6
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref6
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref7
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref7
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref7
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref7
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref8
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref8
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref8
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref8
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref8
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref8
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref9
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref9
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref9
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref10
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref10
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref10
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref11
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref11
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref11
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref11
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref12
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref12
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref12
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref12
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref13
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref13
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref13
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref13
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref14
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref14
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref14
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref14
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref15
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref15
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref15
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref15
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref16
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref16
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref16
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref16
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref17
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref17
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref17
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref17
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref18
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref18
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref18
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref18
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref18
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref19
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref19
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref19
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref19
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref20
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref20
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref20
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref20
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref21
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref21
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref21
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref21
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref22
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref22
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref22
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref22
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref22
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref23
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref23
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref23
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref23
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref24
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref24
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref24
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref24
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref25
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref25
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref25

2982 Ultrasound in Medicine and Biology

areas on conventional and pressure relief hospital mattresses using
laser Doppler flowmetry and tissue spectrophotometry. J Tissue
Viability 2014;23:129-136.

Schaden W, Fischer A, Sailler A. Extracorporeal shock wave therapy of
nonunion or delayed osseous union. Clin Orthop Relat Res 2001;
387:90-94.

Sonden A, Johansson AM, Palmblad J, Kjellstrom BT. Proinflammatory
reaction and cytoskeletal alterations in endothelial cells after shock
wave exposure. J Invest Med 2006;54:262-271.

Wang C. An overview of shock wave therapy in musculoskeletal disor-
ders. Chang Gung Med J 2003;26:220-232.

Wang C, Chen H, Huang T. Shockwave therapy for patients with plantar
fasciitis: A one-year follow-up study. Foot Ankle Int 2002;23:204-207.

Wang C, Liu H, Fu T. The effects of extracorporeal shockwave on acute
high-energy long bone fractures of the lower extremity. Arch Orthop
Trauma Surg 2007;127:137-142.

Volume 42, Number 12, 2016

Wang C, Wang F, Huang C, Yang KD, Weng L, Huang H. Treatment for
osteonecrosis of the femoral head: Comparison of extracorporeal
shock waves with core decompression and bone-grafting. J Bone
Joint Surg Am 2005;87:2380-2387.

Wang CJ, Chen HS, Chen CE, Yang KD. Treatment of nonunions of long
bone fractures with shock waves. Clin Orthop Relat Res 2001;387:
95-101.

Yan X, Zeng B, Chai Y, Luo C, Li X. Improvement of blood flow, expres-
sion of nitric oxide, and vascular endothelial growth factor by low-
energy shockwave therapy in random-pattern skin flap model. Ann
Plast Surg 2008;61:646-653.

Yeh K, Sheu J, Lin Y, Sun C, Chang L, Kao Y, Yen C, Shao P, Tsai T,
Chen Y, Chua S, Leu S, Yip H. Benefit of combined extracorporeal
shock wave and bone marrow-derived endothelial progenitor cells in
protection against critical limb ischemia in rats. Crit Care Med 2012;
40:169-177.


http://refhub.elsevier.com/S0301-5629(16)30246-0/sref25
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref25
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref25
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref26
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref26
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref26
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref27
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref27
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref27
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref28
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref28
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref29
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref29
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref30
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref30
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref30
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref31
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref31
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref31
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref31
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref32
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref32
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref32
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref33
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref33
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref33
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref33
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref34
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref34
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref34
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref34
http://refhub.elsevier.com/S0301-5629(16)30246-0/sref34

	Immediate Dose–Response Effect of High-Energy Versus Low-Energy Extracorporeal Shock Wave Therapy on Cutaneous Microcirculation
	Introduction
	Methods
	Animal model and experimental protocol
	Microcirculatory analysis
	Statistical analysis

	Results
	Cutaneous tissue oxygen saturation
	Cutaneous blood velocity
	Cutaneous relative post-capillary venous filling pressure

	Discussion
	Limitations

	Conclusions
	References


