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Application of extracorporeal shockwave therapy
to improve microcirculation in diabetic foot ulcers

A prospective study
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Se Youn Jang, BScd, Jin Yoo, PhD¢, Woo Young Jang, MD, PhDabe*

Abstract

Extracorporeal shockwave therapy (ESWT) can induce wound healing by increasing tissue microcirculation. However, stuc@
on the effect of ESWT on enhancing tissue microcirculation in diabetic foot ulcer (DFU), particularly on when the microcirculation
increases after ESWT application, are still lacking. Therefore, we aimed to examine the effectiveness of ESWT in promoting
microcirculation in DFU patients in a time-dependent manner. We included 50 feet of 25 patients with type 2 diabetes mellitus
and Wagner grade | to Il DFU in this study. The affected feet were used as the ESWT group and the unaffected contralateral feet
were used as the control group. ESWT was performed in 3 sessions per week for a total of 3 weeks. Transcutaneous partial
oxygen pressure (TcPO,) was used to evaluate the tissue microcirculation. The TcPO, level (>43mm Hg) in the ESWT group was
recovered by the 2nd week of treatment, and statistical significance (P < .05) was demonstrated at the same time. From the 2nd
week of ESWT, a significant increase in TcPO, was observed in Wagner grade | and Il DFU. These findings imply that the ESWT
may improve microcirculation in patients with Wagner grades | to I DFU. However, this impact requires at least 2 weeks or more
than 6 sessions. For better comparison, further studies with larger clinical groups and extended period are needed.

Abbreviations: DFU = diabetic foot ulcer, DM = diabetes mellitus, ESWT = extracorporeal shockwave therapy, PAD = peripheral
arterial disease, TcPO, = transcutaneous partial oxygen pressure.
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1. Introduction

Diabetic foot ulcer (DFU) is a common complication in patients
with diabetes mellitus (DM), and previous studies reported that
the lifetime risk in patients with DM is approximately 15%.["
DFU is defined as foot ulcers in people with DM that are accom-
panied by neuropathy or peripheral artery disease (PAD).?! In
particular, PAD is known as the major risk factor in patients
with DM, and 10% to 15% of foot ulcers remain unhealed,
while 5% to 24% of patients undergo lower-limb amputation,
including foot or symes, within 6 to 18 months after the ini-
tial diagnosis of DFU.B-! Diabetic foot complications are often
caused by dysfunction of microcirculation, which is frequently
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accompanied by peripheral neuropathy and PAD.[® Considering
the well-known importance of microcirculation in wound heal-
ing and recovery, it is essential to improve microcirculation in
patients with DFU.["!

Many techniques have been used to induce healing of
DFU by increasing microcirculation in the ulcer area, such as
hyperbaric oxygen therapy and negative pressure wound ther-
apy, but there are limitations, such as pain and high cost.!*’!
Extracorporeal shockwave therapy (ESWT) has recently been
used to cope with these limitations.'%!''l ESWT is a simple,
inexpensive, and safe method that has been proven effective
in various fields, such as the treatment of plantar fasciitis and
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lithotripsy.">""1 ESWT improves microcirculation and increases
blood perfusion to the applied area.l'>!¢l Hence, in patients with
DFU, it is important to evaluate microcirculation after ESWT;
transcutaneous partial oxygen pressure (TcPO,) has recently
been used for this purpose.l”**I TcPO, is noninvasive and can
quantify the oxygenation of the skin; it can also be applied
as an indicator of the improvement of ischemia due to surgi-
cal procedures or medications.” Also, TcPO, measurement is
considered a reliable and suitable method for the follow-up of
DFUs.?l However, despite the advantages of ESWT shown in
previous studies,['>1%17) there is still a lack of studies on the
effect of ESWT to improve microcirculation using TcPO, in
patients with DFU, especially when microcirculation increases
after ESWT application.

Therefore, in this study, we aimed to examine the effective-
ness of ESWT in promoting microcirculation in DFU patients
in a time-dependent manner. We hypothesized that TcPO, levels
would change significantly after 3 weeks of ESWT, as described
in previous studies.!'®2!!

2. Methods
2.1. Study subjects

This prospective study was approved by the institutional review
board (IRB No.2021AN0327) of our institution. The study was
conducted in compliance with the principles of the Declaration
of Helsinki and written informed consent was obtained from all
patients before the study. 25 type 2 diabetes mellitus patients (19
males and 6 females) with DFU were recruited at our institution
from July 2021 to May 2022. The inclusion and exclusion cri-
teria are specified in Table 1, and only Wagner Classification/”!
grades I to Il were included in this study; Wagner grade L is super-
ficial ulcer, and Wagner grade II is deep ulcer extending into the
tendon, ligament, or bone, but no abscess. Patients with an ulcer

Inclusion and exclusion criteria of the study.

Inclusion criteria

@Patients aged 20 yr or older, male or female

@Patients with diabetes mellitus type 2 (T2DM) for 3 yr or more

@Patients with diabetic ulcers <2.5¢m in diameter on the foot (corresponding to
Wagner grade | and Il)

@Patients with less than 1 diabetic foot ulcer located on the surface of the foot and
plantar surface 30 d before the first visit

@Patients who have understood and agreed in writing to all clinical trial requirements
and treatment modalities

Exclusion criteria

@\Women who are currently pregnant or lactating

@Patients with ulcer area <0.25cm?

@Patients with known or suspected systemic infection

@Patients already enrolled in another clinical trial

@Patients who have received growth factor therapy (e.g., autologous platelet plasma,
stem cells, becaplermin application, cell therapy, skin substitute, amnion tissue,
extracellular matrix) within 30 d of the trial registration

@Patients who received radiation or chemotherapy within 3 mo of the trial enroliment

@Patients with suspected or progressing cellulitis at the target ulcer site at first or
second visit

@Patients with osteomyelitis of the foot or ankle

@For patients with a history of osteomyelitis, systemic antibacterial treatment must
have been completed 60 d before the start of the trial. Patients are excluded from
this study if some are administered during the trial.

@Patients with diabetic neuroarthrosis

@Patients who have difficulty participating in the trial due to the investigator judgment
or other reasons

@Patients who do not intend to participate in the trial
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of <2.5cm in diameter on foot were included,?*?*! but patients
with an ulcer area of lesser than 0.25 cm? were excluded.*!! The
ulcerated feet comprised the ESWT group, while the contralat-
eral feet without ulcers comprised the control group (50 feet
from 25 patients).?’! ESWT group: n = 32 (Wagner grade I, 14
feet; Wagner grade II, 18 feet) and control group (n = 18). The
mean age of the participants was 67.8 + 12.7 years (minimum
age: 29 years and maximum age: 83 years). Figure 1 shows the
patients consort diagram of the study.

2.2. Production and application of extracorporeal shock
waves (ESWT)

We used orthoPACE device (Sanuwave, Suwanee, GA) to deliver
ESWT in the foot ulcer area. Before ESWT application, to pre-
vent cross-contamination, the foot ulcer site was thoroughly
cleaned and disinfected with medical sanitizer, and a sterile
medical film was attached. To enable efficient energy transmis-
sion, the probe head was directly applied to the foot ulcer site
using ultrasound gel. Each foot received 1500 impulses at an
energy flux density of 0.2 mJ/mm? with a frequency of 4 Hz.12¢!
ESWT was applied 3 times a week, and each patient received 9
sessions over the course of 3 weeks. After each treatment, the
therapist checked the wound area for adverse events, includ-
ing infection, dermatitis, or necrosis. During the treatment, no
systemic or neurovascular complications related to the device
were observed. Based on the standard management guidelines
for DFUs, all patients underwent adjunctive standard dress-
ing care and debridement in combination with the ESWT
application.”28!

2.3. TcPO, measurement

TcPO, (mm Hg) was measured using a TCM 400 device
(Radiometer, Copenhagen, Denmark) to evaluate the micro-
circulation in the feet before and after ESWT. Sensors were
attached to the skin of the dorsal part of the foot, in the first
intermetatarsal space based on previous studies.?*3% The elec-
trodes were warmed to 43°C to 43.5°C before the measurement
to reduce the effect of temperature. The laboratory temperature
was set at 25°C to 26°C'®! owing to the oxygen permeability.
All the measurements were performed at room temperature for
15 to 20 minutes. Baseline TcPO, was measured before treat-
ment, and follow-up measurements were conducted once a
week during the total period. Based on a previous study,?!! the
optimal cutoff level of TcPO, was 43 mm Hg, and the odds ratio
was 4.4. Hence, in this study, the mean cutoff level of TcPO,
was set to 43 mm Hg.

2.4. Statistical analysis

Based on the report of a previous study on TcPO, in patients
with DFU," an improvement of >19.6% in TcPO, between
before and after ESWT was deemed clinically significant. A
priori power analysis was conducted to determine the sam-
ple size (an a level of 0.05, power of 0.8). From the results
of a pilot study involving 5 feet in the ESWT group, the
effect size (Cohen d: 0.722) was calculated, and it was deter-
mined that 14 feet in the ESWT group were required to iden-
tify a clinically meaningful improvement > 19.6% in TcPO
between before and after the ESWT group. The power of
this study was 0.819. Data are expressed as mean = standard
error of the mean unless otherwise stated. The Q-Q plots
and Shapiro-Wilk test were used to test all data group for
normality, and normal distribution was shown in all groups.
One-way analysis of variance was used to compare the sig-
nificance within each group, followed by a paired ¢ test as
a post hoc test. The significance of the differences between
subgroups was analyzed using an independent ¢ test. P < .05
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Figure 1. The patients consort diagram of the study.

The demographic data of patients.

Variables

Number of patients
Number of feet
Number of affected feet
Number of unaffected feet
Age (y)
Sex, n (%)
Male
Female
Height (cm)
Weight (kg)
Body mass index (kg/m?)
Wagner grade of DFUs, n (%)
Wagner grade |
Wagner grade Il

67.76 £ 12.7

19 (76)
6 (24)
161.16 = 8.95
60.80 + 10.08
23.36 + 2.69

14 (43.75)
18 (56.25)

Data were expressed as mean + standard deviation (SD).
DFU = diabetic foot ulcer.

is considered significant between groups. All statistical anal-

Figure 2. The photograph of ESWT on DFU. DFU = diabetic foot ulcer, ESWT
= extracorporeal shockwave therapy.

3. Results

yses were performed according to the suggestion of a statisti-  The demographic characteristics of patients are presented
cian, using the Statistical Package for Social Sciences, version  in Table 2. The affected side of the feet was set as the treat-
26 (Statistical Package for Social Sciences Inc., Chicago, IL).  ment group (n =32, 14 in Wagner grade I and 18 in Wagner
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A

Figure 3. The representative photographs of the DFU before and after ESWT. (a) The patient first visit. (o) The 1st wk of ESWT. (c) The 2nd wk of ESWT. (d) The
3rd wk of ESWT. DFU = diabetic foot ulcer, ESWT = extracorporeal shockwave therapy.
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Figure 4. Serial change of TcPO, of baseline and follow-up measurements. *P < .05 versus baseline (n = 32). Vertical line in each box represents the median

TcPO,. Horizontal lines extending from each box represent the maximum and minimum TcPO, for each group. The mean value for each group is indicated by a
dot. ESWT = extracorporeal shockwave therapy, TcPO, = transcutaneous partial oxygen pressure.

grade 1I), and the unaffected feet were set as the control group  3.1. Comparison of serial change of TcPO, in each group
(n=18). A photograph Of.ESWT is shown in Figure 2. Figure 3 Figure 4 shows a comparison of serial changes in TcPO,
:hows thet representative images of DFU at each measurement ", group. In the ESWT group (red lines), TcPO, was
ime point.
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Figure 5. Comparison of TcPO, between the ESWT groups and the control groups; *P < .05 indicates significance between the 2 groups (n = 32 for the ESWT
group and n = 18 for the control group). ESWT = extracorporeal shockwave therapy, TcPO, = transcutaneous partial oxygen pressure.

significantly increased in 2nd and 3rd measurements com-
pared to the baseline (baseline: 34.34 = 3.92mm Hg vs 1st
measurement: 37.28 = 3.93mm Hg, P = .282, baseline vs 2nd
measurement: 43.47 = 3.47mm Hg, P =.003, and baseline vs
3rd measurement: 45.25 =+ 3.61mm Hg, P =.001). In the con-
trol group (black lines), no significant differences (baseline:
52.89 = 3.85 mm Hg vs 1st measurement: 52.33 = 3.86 mm Hg,
P =.806; baseline vs 2nd measurement: 58.06 = 4.45mm Hg,
P =.209; and baseline vs 3rd measurement: 57.33 = 3.42mm
Hg, P = .202) were found.

3.2. Comparison of the mean TcPO, between the ESWT
group and control group

Figure 5 shows a comparison of the mean TcPO, between the
ESWT and control groups. The mean TcPO, was significantly
different between the groups (expressed as %p, ESWT group
vs control group). The following were observed: baseline: 18.55
%p, P =.003; 1st measurement: 15.05 %p, P =.015; 2nd mea-
surement: 14.59 %p, P =.014; and 3rd measurement: 12.08
%p, P=.032. A significant difference was found at all time
points.

3.3. Comparison of TcPO, in subgroups (Wagner grade I vs
Wagner grade Il)

Figure 6 shows a comparison of serial changes in TcPO, in the
ESWT subgroup. For Wagner grades I and II, TcPO, was signifi-
cantly increased in 2nd and 3rd measurements compared to the
baseline; for Wagner grade I (Fig. 6a), baseline: 34.00 = 5.93 mm
Hg vs 1st measurement: 36.43 = 6.33mm Hg, P = .618; base-
line vs 2nd measurement: 45.07 = 5.01 mm Hg, P =.033; and
baseline vs 3rd measurement: 45.50 = 5.41mm Hg, P =.029.
For Wagner grade II (Fig. 6b), baseline: 36.89 + 5.43mm Hg
vs 1st measurement: 40.89 = 5.33 mm Hg, P = .162; baseline vs
2nd measurement: 43.44 = 5.03 mm Hg, P = .010; and baseline
vs 3rd measurement: 44.22 + 5.24mm Hg, P =.009. Figure 6c
shows no difference in the mean TcPO, between the groups
(expressed as %p, Wagner grade [—Wagner grade II. Baseline:
-2.89 %p, P = .723, 1st measurement: -4.46 %p, P =.592, 2nd
measurement: 1.63 %p, P =.823 and 3rd measurement: 1.28
%p, P =.868). No significant differences were found at any of
the time points.

4. Discussion

The most important result of this study was that in the ESWT
group, the mean TcPO, level recovered to the optimal cutoff
level (43 mm Hg in this study) at 2 weeks, and showed a statis-
tical significance from 2nd week. However, the mean TcPO, lev-
els between the 2 groups were significantly different at all time
points. Although this optimal cutoff level is still controversial,
it is considered that a TcPO, level above 40 mm Hg is sufficient
for a good prognosis.!®! Leenstra et al® reported that a TcPO,
of 43mm Hg or higher is associated with a good prognosis
of DFU. In addition, Jang et al,* reported that in the patient
group with mild DFU, the healing rate of DFU was increased
in patients with TcPO, of 40mm Hg or higher. Herein, the ele-
vation of TcPO, after ESWT above 43mm Hg was observed
as early as the 2nd week, indicating a good prognosis for DFU.

DFU is a complication of diabetes that can significantly
increase morbidity and mortality.?3! However, DFU can be pre-
vented or delayed with early and appropriate medical interven-
tion.** The importance of blood flow and delivery of oxygen to
the wound cannot be overemphasized for successful healing./!
Herein, 3 weeks of the ESWT treatment were performed on
patients with Wagner grade I to II DFU, and changes in micro-
circulation in the foot were measured. We found restoration of
TcPO, with increased blood perfusion of the ulcers 2 weeks
after ESWT in the patients with DFU compared to baseline
conditions. This implies that 2 weeks after ESWT application,
the expression of tissue regenerative factors that increase angio-
genesis and vasodilation may be facilitated.*’! Wound healing
ability is impaired in patients with DFU.B¢ One of these factors
is diabetic wound microcirculation dysfunction.!®*”! In diabetic
conditions, it is prone to becoming an ischemic condition due to
a decrease in blood perfusion, and a high blood glucose concen-
tration lowers the function of the inflammatory system, mak-
ing it vulnerable to infection.*®! In many patients with DFU, a
decrease in vasodilators (i.e., nitric oxide) induces endothelial
cell dysfunction, which in turn leads to decreased microcircula-
tion.*”! However, the application of ESWT is known to increase
the activity of angiogenesis and tissue regeneration markers,
such as von Willebrand factor, endothelial nitric oxide synthase,
vascular endothelial growth factor, proliferating cell nuclear
antigen, and epidermal growth factor.?*404! Therefore, the ben-
eficial effect of ESWT increases microcirculation to the diabetic
wound site and can also reduce ischemic conditions.*?!
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Figure 6. Comparison of TcPO, between the subgroups. (a) Serial change
of TcPO, in the Wagner grade I; *P < .05 versus baseline (n = 14). (b) Serial
change of TcPO, in the Wagner grade II; *P < .05 versus baseline (n = 18).
(c) Comparison of TcPO, between the Wagner grade | and Wagner grade II.
TcPO, = transcutaneous partial oxygen pressure.

Furthermore, in this study, although there was a difference
in the mean TcPO, levels in both baseline conditions at the 1st,
2nd, and 3rd measurements between the ESWT and control
groups, the mean TcPO, levels recovered to above 43 mm Hg
(optimal cutoff level) at the 2nd and 3rd measurements with
the application of ESWT. Given the results of this study, even if
there is statistical significance in the difference in TcPO, levels
between the ESWT and control groups, careful interpretation
is necessary. Yang et al'! reported that TcPO, levels improved
significantly after 3 weeks of ESWT application in 2 sessions
per week in patients with DFU. Similarly, Jeppesen et al®?! also
found that TcPO, levels increased after 3 weeks of ESWT appli-
cation in 2 sessions per week in patients with DFU. However, in
this study, the mean TcPO, levels improved to optimal cutoff
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levels after 2 weeks because ESWT was applied for 3 sessions
per week. This suggests that the application of ESWT for at least
2 weeks or more than 6 sessions may be required to improve
blood flow at optimal cutoff levels in patients with DFU.

In particular, in this study, interesting results were found in
the subgroup analysis; the mean TcPO, levels were not differ-
ent in both the baseline and the 1st, 2nd, and 3rd measure-
ments in the affected feet between the Wagner grade I and II
groups. In addition, in both Wagner grade I and II groups, res-
toration of the optimal cutoff range of TcPO, with increased
blood perfusion of the ulcers from 2 weeks after ESWT com-
pared with the baseline. These findings indicate that DFU
severity may not affect the effectiveness of ESWT. However,
based on the results of this study, further studies are needed to
determine whether the same results will be obtained for grade
III or higher DFUs.

This study has some limitations. First, a quantitative com-
parison of wound healing would have been possible if the size
(e.g., area and depth) of the ulcer before and after ESWT appli-
cations were compared. Furthermore, standard treatment cri-
teria based on the depth or severity of the wound are required.
Second, this study follow-up period was short. Previous system-
atic reviews,1%!! reported that the therapeutic effect of ESWT
in improving DFU healing could be high; however, there was
a deviation in the follow-up period. A high-quality study with
long-term follow-up (i.e., a randomized controlled trial) may
be needed to clarify the effect of ESWT in patients with DFU.
Finally, more therapeutic parameters are required to investigate
the therapeutic effect of ESWT in detail. Angiogenesis may be
aided by wound healing markers, including vascular endothe-
lial growth factor, platelet-derived growth factor, and fibroblast
growth factor 1.1 Despite these limitations, there was little
or no pain during the ESWT procedure; therefore, it may be
less burdensome for the patient, both physically and economi-
cally. Furthermore, for therapists, the device can be easily man-
aged and safely applied to patients in the clinical field. Hence,
ESWT is a safe, effective treatment for both DFU patients and
therapists.[13:16:44:43]

5. Conclusions

The results of the present study confirmed that ESWT signifi-
cantly increased microcirculation in DFU and could be bene-
ficial for the treatment of DFU. In addition, a period of ESWT
application of at least 2 weeks or more than 6 sessions may
be considered for the treatment of DFU with Wagner grades 1
and II. Therefore, since ESWT is a safe and effective method for
treating DFU, it is worthy of active consideration as a standard
treatment for DFU.
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