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Background. This prospective study compared ex-
tracorporeal shockwave treatment (ESWT) with hy-
perbaric oxygen therapy (HBO) in chronic diabetic
foot ulcers.

Patients and methods. Seventy-two patients with 72
chronic diabetic foot ulcers were randomly divided
into two groups of similar demographics with 34 pa-
tients with 36 ulcers in the ESWT group and 36 pa-
tients with 36 ulcers in the HBO group. Patients in the
ESWT group received 300 � 100/cm2 impulses of shock-
wave at 0.11 mJ/cm2 energy flux density every 2 wk for
6 wk, whereas patients in the HBO group received
HBO daily for 20 treatments. The evaluations included
clinical assessment of the ulcers with photo-
documentation, blood flow perfusion scan, bacterio-
logical examination, histological study, and immuno-
histochemical analysis.

Results. The overall results showed completely
healed in 31%, improved in 58%, and unchanged in 11%
for the ESWT group and 22% completely healed, 50%
improved, and 28% unchanged for the HBO group. The
ESWT group showed significantly better clinical re-
sults and local blood flow perfusion, higher cell con-
centration, and activity than the HBO group. On
immunohistochemical analysis, the ESWT group dem-
onstrated significant increases in endothelial nitric
oxide synthase, vessel endothelial growth factor, and
proliferation cell nuclear antigen expressions and a
decrease in transference-mediated digoxigenin-deoxy-
UTP nick end-labeling expression than the HBO
group.
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Conclusions. ESWT appears to be more effective
than HBO in chronic diabetic foot ulcers. © 2009 Elsevier

Inc. All rights reserved.
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INTRODUCTION

Chronic diabetic foot ulcer is caused by small-vessel
occlusion, usually compounded by neuropathy and in-
fection [1–6]. Despite the changes in guidelines and
classification, the treatment of a diabetic foot ulcer
remains challenging and controversial [7–12]. Angio-
plasty or bypass surgery is generally ineffective in
small-vessel disease and amputation becomes inevita-
ble due to persistent critical limb ischemia, soft-tissue
infection, and impaired wound healing with osteomy-
elitis [13, 14]. Skin grafts with different techniques are
performed with the intention to heal the ulcers in se-
lected cases [15]. Many adjunctive therapies are de-
signed for the care of chronic diabetic foot ulcers in-
cluding hyperbaric oxygen therapy (HBO), ultrasound,
recombinant human platelet-derived growth factor-
BB, vacuum-assisted wound closure, and acellular ma-
trix with HBO being the most commonly used [13,
16–22]. The results of different treatment regimens of
surgical and nonsurgical are inconsistent, and most
studies reported limited success in selected series [19–
23]. Therefore, the development of a new effective and
noninvasive method of treatment for chronic diabetic
foot ulcer is extremely valuable.

Recently, extracorporeal shockwave treatment (ESWT)
was introduced for the treatment of chronic refractory
diabetic and nondiabetic skin ulcers, and acute and
chronic soft-tissue wounds with encouraging early re-
sults in short-term follow-up [24–27]. The purpose of
this study was to evaluate the efficacy of ESWT in the

treatment of chronic diabetic foot ulcers and to com-
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pare the results with that of HBO and to investigate
the regeneration effects with local blood flow perfusion,
histomorphological examination, and immunohisto-
chemical analysis.

PATIENTS AND METHODS

The Institutional Review Board on Human Studies of our hospital
approved this study. The declaration of Helsinki protocols were
followed, and patients gave their written informed consent prior to
participation in the study. The inclusion criteria included patients
with recurrent chronic diabetic ulcers of the foot for more than 3 mo
duration. Patients with deep wound sepsis or gangrenous changes
usually required surgical debridement and wound care until the
ulcers became stable but nonhealing prior to ESWT. Patients with
quiescent osteomyelitis without recurrent symptoms for longer than
1 y were not excluded. The exclusion criteria include patients with
cardiac arrhythmia or pacemaker, pregnancy, skeletal immaturity,
patients with malignancy, and patients with poor compliance. Be-
tween August 2006 and January 2007, 74 patients with 76 chronic
diabetic skin ulcers of the foot were enrolled in this study. Patients
were randomly divided into two groups according to the dates of
treatment. Thirty-six patients with 38 ulcers were referred on odd
days of the week and received shockwave treatment, whereas 38
patients with 38 ulcers were referred on even days of the week and
received HBO therapy. During the course of treatment, four patients
with four ulcers were excluded because of poor compliance including
two patients with two ulcers in ESWT group and two patients with
two ulcers in the HBO group. The remaining 70 patients with 72
ulcers (34 patients with 36 ulcers in the ESWT group and 36 patients
with 36 ulcers in the HBO group) completed the analysis. The flow
diagram of patient recruitment is shown in Fig. 1. The patient
demographic characteristics are summarized in Table 1.
FIG. 1. Flow diagram of patient recruitment.
Pretreatment evaluations included complete history and physical
examination, chemistry and coagulation profiles, the details of past
surgical and medical treatments, including HBA1c data for blood
sugar control. The circulatory status of the affected limb was evalu-
ated with ankle-brachial pressure index using Doppler scan. The
skin sensitivity was evaluated with a monofilament pinprick test.
The dimension and depth and the appearance of the skin ulcer were
quantitatively assessed clinically with photo-documentation of the
ulcers in all cases. Local blood flow was checked with laser Doppler
perfusion scan. Biopsy was performed from the most contaminated
area of the ulcer. Culture and sensitivity was obtained from the
biopsy specimens. The referring endocrinologist monitored the blood
sugar level closely. The clinical assessment, local blood flow perfu-
sion, culture and sensitivity, and biopsy of the ulcer were performed
before and after treatment.

Shockwave Application

The source of ESWT was from an Orthowave 180 (MTS, Konstanz,
Germany). The treatment was performed as outpatient under no
anesthesia. The ulcer was covered with sterile cellulose barrier. The
ultrasound gel was applied to the area of skin in contact with the
shockwave tube. The treatment started out with a slow delivery of
the shockwave impulses until the patient got accustomed to the
nature of treatment. The protocol of shockwave application was
300 � 100/cm2 impulses of shockwave at 0.11 mJ/cm2 energy flux
density evenly applied to the ulcer surface once every 2 wk for a total
of three treatments in 6 wk. A repeat course of treatment was
performed in cases with incomplete healing from the first course of
treatment. Patients resumed the same wound care technique at
home after treatment including off loading on the affected leg, wound
cleansing with sterile normal saline solution, and application of
silver sulfadiazine cream. No additional systemic or local antibiotic
was prescribed.

Hyperbaric Oxygen Therapy

HBO was performed with patients in a sealed multi-place cham-
ber at a pressure of 2.5 atmospheres absolute (ATA). The air pres-
sure was gradually increased from 1 to 2.5 ATA in 15 min. Oxygen of
100% medical grade was inhaled through a plastic facemask for 25
min with a 5-min break in between for a total of 90 min per treat-

TABLE 1

Patient Demographic Characteristics

ESWT HBO P value

No. patients/ulcers 34/36 36/36 0.865
Average age (y) 58.6 � 12.6 63.4 � 10.3 0.072

(range) (33–79) (39–81)
Average size (cm2) 11.2 � 20.0 10.5 � 20.0 0.478

(range) (1.5–84) (1.0–100)
Average duration (mo) 22.7 � 20.9 19.0 � 19.5 0.306
Right/left 19/17 16/20 0.479
Location of ulcer

Dorsal 23 17 0.155
Plantar 13 19

Ave. HBA1c 9.08 � 1.21 8.84 � 2.11 0.326
(range) (7.2–11.5) (6.0–14.2)

Ave. ABI 1.22 � 0.19 1.26 � 0.27 0.345
(range) (1.10–1.62) (1.02–2.11)

Average follow-up (mo) 11.64 � 2.15 12.14 � 2.11 0.161
(range) (6–14) (6–14)

ABI � Ankle brachial pressure index.
ment. The air pressure was then decompressed from 2.5 ATA down
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to 1.0 ATA within 15 min to complete the treatment. HBO was
performed once a day, 5 times a wk for a total of 20 treatments.
Patients received the same wound care as the ESWT group.

Four patients (three in the ESWT group and one in the HBO
group) underwent surgical debridement for deep wound sepsis, ne-
crosis, and extensive keratosis surrounding the ulcer, and received
wound care until the ulcers became stable but nonhealing, prior to
receiving the respective treatment.

Evaluation Parameters

The follow-up evaluations were scheduled at 2, 4, and 6 wk, then
once every 3 mo. The evaluation parameters included clinical assess-
ment of the ulcer status with photo-documentation, bacterial colony
count, and type of microorganisms, histomorphological examination,
and immunohistochemical analysis.

Clinical Assessment

The size and depth of the ulcers, local sepsis, arteriopathy, and
neuropathy were carefully assessed before treatment and at differ-
ent time intervals after treatment. The extent of wound healing with
epithelization at different time intervals was documented with vi-
sual examination and photographs of the ulcer.

Bacteriological Examination

The types of microorganisms and the amounts of bacteria growth
were determined from the results of culture of the ulcer. The culture

FIG. 2. Microscopic features of the biopsy specimen showed highe

TABLE 2

The Overall Clinical Results After Treatment

ESWT HBO P value

No. patients/ulcers 34/36 36/36
Completely healed 31% (11/36) 22% (8/36)
�50% improved 58% (21/36) 50% (18/36) 0.001
Unchanged 11% (4/36) 28% (10/36)
cell concentration and proliferation after HBO (B) (Hematoxylin-eosin
specimens were placed on the test media in sterile culture dishes
containing blood agar and normal saline and 95% alcohol. The cul-
tures were performed in eight plastic tubes on a test tube rack with
graduated dilutions of blood agar and normal saline and were stored
in a 35°C 5% CO2 incubator for 16 to 18 h. The culture results
identified the presence or absence of any microorganisms and mea-
sured the colony forming units. The bacteria colony counts were
based on the numbers of the colony in the plastic tube with the most
diluted culture media and were graded 0 for no growth, I for rare
growth, II for light growth, III for moderate growth, and VI for heavy
growth.

Histomorphological Examination

The histomorphological features of the biopsy specimens including
tissue distribution, cell concentration, cell activity, and proliferation
were examined microscopically with hematoxylin-eosin stain before
and after treatment.

Immunohistochemical Analysis

Sections of the biopsy specimen were immunostained with the
specific reagents to identify the angiogenesis-related growth and
proliferating indicators including endothelial nitric oxide synthase
(eNOS), vessel endothelial growth factor (VEGF), proliferation cell
nuclear antigen (PCNA), and transference-mediated digoxigenin-
deoxy-UTP nick end-labeling (TUNEL) (Santa Cruz Biotechnology
Inc., Santa Cruz, CA). The immunoreactivity in specimens was dem-
onstrated using a horseradish peroxidase 3=-,3=-diaminobenzidine
cell and tissue staining kit (R&D Systems, Inc., Minneapolis, MN).
The immuno-activities were quantified from five areas in three sec-
tions of the same specimen using a Zeiss Axioskop 2 plus microscope
(Carl Zeiss, Gottingen, Germany). All of the images of each specimen
were captured using a Cool CCD camera (SNAP-Pro c.f. Digital kit;
Media Cybernetics, Sliver Spring, MD). Images were analyzed using
an Image-Pro® Plus image-analysis software (Media Cybernetics).
The percentage of positive immuno-labeled cells over the total cells
in each area was counted. Two pathologists blinded to the treatment
regimen performed the measurements on all sections.

ll concentration and more cell proliferation after ESWT (A), and less
r ce

stain, �40). (Color version of figure is available online.)
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Blood Flow Test

The tissue viability was measured with local blood flow perfusion
scan. The local blood flow perfusion was measured using the Peri-
Scan PIM II Laser Doppler Perfusion Imager (Perimed AB, Stock-
holm, Sweden). The object was placed on a light absorbing back-
ground material such as a black or a dark green cloth. The distance
between the scanner head and the object is 15 cm. The Min and Max
values were set at 0 and 5 V, respectively. The perfusion scan image
color scale displayed the lowest value in dark blue and the highest
value in dark red. LDPIwin software in Window 95/98/2000 was used
for data analysis including the minimal value, the maximal value,
and the mean and standard deviation.

Statistical Analysis

A power analysis revealed that a sample size of 23 would be
required to establish the statistical significance with � � 0.05 and

TABLE 3

The Results of Bacteriological Examination

Bacterial growth* 0 I II III VI P value†

ESWT group
Before treatment 4 3 9 17 3
After treatment 13 4 11 8 0 0.002

HBO group
Before treatment 5 3 9 15 4
After treatment 11 0 12 12 1 0.042

P value‡ 0.984
P value§ 0.198

* 0: No bacterial growth; I: rare growth; II: light growth; III:
moderate growth; VI: heavy growth.

† P value: Comparison of data before and after treatment within
the same group.

‡ P value: Comparison of data between the two groups before
treatment.

§ P value: Comparison of data between the two groups after
treatment.

TAB

The Results of Immun

Mean � SD (range) Before treatment

eNOS
ESWT 26.62 � 14.87 (4–57)
HBO 25.2 � 17.09 (6–53)
P value† 0.438

VEGF
ESWT 31.36 � 22.27 (8–90)
HBO 42.6 � 12.6 (28–55)
P value† 0.086

PCNA
ESWT 27.0 � 15.15 (7–53)
HBO 23.0 � 2.83 (20–26)
P value† 0.188

TUNEL
ESWT 62.42 � 15.0 (39–82)
HBO 64.0 � 25.58 (23–86)
P value† 0.451

eNOS � endothelial nitric oxide synthase; VEGF � vessel endothel
transference-mediated digoxigenin-deoxy-UTP nick end-labeling.

* P value: comparison of data before and after treatment within t

† P value: comparison of data between ESWT and HBO.
power � 0.8. The data before and after treatment within the same
group were compared statistically using a paired t-test. The overall
results between the ESWT group and the HBO group were compared
statistically using the �2 test. The statistical significance was set at
P � 0.05.

RESULTS

The overall results of treatment are summarized in
Table 2. The results showed completely healed in 31%,
improved in 58%, and unchanged in 11% for the ESWT
group and 22% completely healed, 50% improved, and
28% unchanged for the HBO group (P � 0.001). More
than 50% improvement of the ulcer was observed in
89% of ESWT group and 72% of HBO group (P �
0.001). ESWT appears to be more effective than HBO
in the treatment of diabetic foot ulcers.

In histomorphological examination, the microscopic
features of the biopsy specimens revealed higher cell
concentration and more cell proliferation and activity
after ESWT than after HBO (Fig. 2).

The results of bacteriological examination are sum-
marized in Table 3. Both ESWT and HBO groups
showed a bacteriostatic effect; however, no significant
difference was noted between the two groups. None
showed exacerbation of infection after treatment.

The results of immunohistochemical stain are sum-
marized in Table 4. The differences in the increases of
eNOS, VEGF, and PCNA expressions and the decrease
of TUNEL expression between the two groups were
statistically not significant before treatment (P �
0.05). However, such differences became statistically
significant after treatment (P � 0.05). The ESWT
group showed significant increases in eNOS, VEGF,

4

istochemical Analysis

After treatment P value*

48.67 � 18.82 (6–72) �0.001
20.08 � 9.73 (6–30) 0.317

�0.001

63.69 � 21.06 (25–91) �0.001
44.40 � 11.24 (30–56) 0.409

0.042

55.9 � 27.86 (8–95) 0.005
26.20 � 3.11 (23–30) 0.064

0.004

31.58 � 13.44 (14–56) �0.001
49.4 � 17.0 (22–65) 0.162

0.04

growth factor; PCNA � proliferation cell nuclear antigen; TUNEL �

same group.
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and PCNA expressions and a trend of decreases in
TUNEL expression after treatment (P � 0.05),
whereas the changes in the HBO were statistically
not significant (P � 0.05). The microscopic features
are shown in Fig. 3A–D. It appears that application
of ESWT results in increased angiogenesis and cell
activities and decreased cell apoptosis as compared
with HBO.

The results of blood flow perfusion based on laser
Doppler scan are summarized in Table 5. Significant
improvement in local blood flow perfusion scan was
noted after ESWT (P � 0.04), but not after HBO (P �
0.140). The differences in local blood flow perfusion
between the two groups were statistically not signifi-

FIG. 3. (A) Microscopic features of immunohistochemical stain sh
the changes were not significant after HBO (A2). (B) Microscopic featu
expression after ESWT (B1), whereas the changes were not signific
stain showed significant increase in PCNA expression after ESW
(D) Microscopic features of immunohistochemical stain revealed sig
changes were not significant after HBO (D2). (Color version of figur
cant before treatment (P � 0.30); however, such differ-
ences became statistically significant after treatment,
favoring the ESWT group (P � 0.043). The perfusion
scans are shown in Fig. 4.

DISCUSSION

The causes of diabetic foot ulcers are multifactorial,
including ischemia, hypoxia, neuropathy, and infec-
tion, and they often coexist [3–5, 14, 28]. The man-
agement of chronic diabetic foot ulcers require mul-
tidisciplinary approaches including control of blood
sugar, antibiotics, shoe wear, wound care, and sur-
gery in selected cases with the primary goal to con-
trol the diabetic mellitus and to avoid complications
[2–5, 19, 28]. In some cases, amputation becomes

d significant increase in eNOS expression after ESWT (A1), whereas
of immunohistochemical stain showed significant increase in VEGF
after HBO (B2). (C) Microscopic features of immunohistochemical

(C1), whereas the changes were not significant after HBO (C2).
cant decrease in TUNEL expression after ESWT (D1), whereas the
available online.)
owe
res

ant
T

inevitable due to gangrene and/or infection [2–5, 28].
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Many patients present with recurrent refractory
chronic foot ulcers that respond inconsistently to
various surgical or nonsurgical treatments. There-
fore, chronic diabetic foot ulcer remains as an unre-
solved medical entity.

Many studies used different adjunctive therapies
with the intention to cure the diabetic skin ulcers in-
cluding HBO [13, 18, 20, 29], ultrasound [1], recombi-
nant platelet-derived growth factor-BB [22], vacuum-
assisted wound closure [17, 21], and acellular matrix
[16]. Among them, HBO is the most commonly used
modality at our institution. HBO is a controversial

FIG. 3—
treatment in chronic diabetic foot ulcers. Many studies
reported positive effects of HBO in chronic diabetic foot
ulcers [5, 13, 18–20], whereas other studies reported
HBO to have little to no credible evidence for its effec-
tiveness in chronic diabetic foot ulcers [23]. The suc-
cessful clinical results were reported ranging from 22
to 89% and most studies showed less than satisfactory
results [5, 13, 19]. The results of the current study
showed that HBO is not nearly as effective as ESWT in
chronic diabetic foot ulcers.

The exact mechanism of ESWT remains unclear.
Some studies showed dose-related effects of ESWT that
relieves pain with decreased nonvascular substance P

ntinued
Co
positive sensory nerve fibers and calcitonin gene-
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related peptide [30–32]. Other studies demonstrated
that ESWT acts as mechanotransduction that induces
the ingrowth of neovascularization associated with in-
creased expressions of angiogenesis-related growth
and proliferation factors (eNOS, VEGF, and PCNA)
leading to tissue regeneration [33–35]. The results of
the current study showed that ESWT is more effective
than HBO in chronic diabetic foot ulcer. Furthermore,
clinical improvements of the ulcers were associated
with increased local blood flow perfusion and angiogen-
esis and a trend of decrease in cell apoptosis. In addi-
tion, both ESWT and HBO showed bacteriostatic ef-
fects with no difference between the two groups.
Overall, these findings strongly suggested that appli-
cation of ESWT results in tissue regeneration.

There are limitations in this study. This study is
limited by virtue of the small number of patients cre-
ating a relatively low power of statistics. The follow-up
time is short. The long-term results of ESWT in chronic
diabetic ulcers are unknown from the current study.
Further, no standard therapy group was used as con-
trol in this study, although our patients could be
regarded as the control as they all failed with stan-
dard therapy. For tissue viability, neither the direct
methods of measurement including fluorescent an-
giography, thermograph, and radionucleotide clear-
ance techniques, nor the indirect methods such as
transcutaneous tissue O2 and direct O2 saturation
measurements were performed. In this study, local
blood flow perfusion scan was used instead.

In conclusion, ESWT appears to be more effective
than HBO in the treatment of chronic diabetic foot
ulcers. Application ESWT results in tissue regenera-
tion that ultimately heals the ulcers. ESWT is a new,
effective, and safe adjunctive therapy in chronic dia-
betic foot ulcers.
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