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Objective: Research data suggests that ultrasound-assisted wound debridement
(UAWD) can effectively promote the healing of diabetic foot ulcers (DFU).
However, existing research is not consistent with this viewpoint. Therefore, we
conducted this study to investigate the effect of UAWD on the healing of diabetic
foot ulcers.

Methods: From the establishment of the database to January 2024, we searched
8 databases to study the effectiveness and safety of UAWD in the treatment of
DFU. Two authors independently screened the qualifications of the articles, while
two authors extracted relevant data. Statistical analysis was conducted using
Review Manager 5.4 and STATA 18.0 software.

Results: A total of 11 randomized controlled studies were included, with 6
countries and 696 participants participating. Our findings showed that UAWD
was associated with a significant benefit in healing rate (OR = 2.60, 95% ClI: [1.67,
4.03], P < 0.0001, I° = 25%), wound healing time (MD = -11.94, 95% Cl: [-23.65,
-0.23], P = 0.05, I = 99%), percentage reduction in wound size (MD = 14.2, 95% ClI:
[10.8,17.6], P = 0.47, 12~ 32%), effectiveness of treatment (OR = 10.3, 95% Cl: [4.68,
22.66], P < 0.00001, I> = 0%). Moreover, UAWD did not cause any significant
adverse reactions. However, there was no obvious difference in wound blood
perfusion (MD = 0.25, 95% CI: [-0.01, 0.52], P = 0.06, > ~ 90%), transcutaneous
oxygen partial pressure (MD = 14.34, 95% Cl: [-10.03, 38.71], P = 0.25, 1> = 98%).

Conclusion: UAWD can significantly improve wound healing rate, shorten
wound healing time, accelerate wound area reduction, and improve clinical
treatment effectiveness without significant adverse reactions. Although there is
no significant difference in transcutaneous oxygen pressure and wound blood
flow perfusion between UAWD and SWC. So we look forward to more
scientifically blinded, placebo-controlled, high-quality studies in the future, to
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enable researchers to obtain more complete and accurate analytical data, in
order to improve the scientific and credibility of the evidence.

Systematic review registration: https://www.crd.york.ac.uk/prospero/,
identifier CRD42024501198.
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ultrasound-assisted wound debridement, diabetic foot ulcers, systematic review, meta-
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Introduction

Diabetic foot ulcers (DFU) refer to diabetic patients that
present with tissue loss below the ankle that fails to heal, and
this can be due to distal peripheral arteriopathy and peripheral
neuropathy of the lower extremities caused by tissue ischemia,
sensory abnormalities, and so on, which and can lead to a series of
foot infections, ulcers, necrosis and other diseases with tissue, and
in severe cases, can lead to disability and death (1). Surveys have
shown that between 19% and 34% of diabetes patients will develop
DFU during their lifetime (2). With the continuous improvement
of social living standards and medical security, the extension of
human life expectancy and the gradual aging of the population,
the number of patients with diabetes mellitus and DFU will
increase day by day in the future, and the costly treatment will
bring huge economic losses to the patients and a heavy burden on
the country’s medical resources (3).

Current basic clinical treatments for DFU include improving
glycemic control, managing infection, metabolic regulation,
offloading of wounds, dressing therapies, the use of vasodilating
and antiplatelet drugs etc. And advanced therapies include UAWD
(4), negative pressure wound therapy (5), hyperbaric oxygen
therapy, novel wound dressing, autologous platelet rich plasma,
and stem cell therapy, etc (6). In recent years, many studies using
UAWD for the treatment of DFU have been increasing and have
achieved significant clinical efficacy, but existing research is not
consistent with this viewpoint.

Based on these previous findings, we conducted this systematic
review and meta-analysis to clarify the efficacy and safety of UAWD
in the treatment of DFU.

Methods
Protocol and registration

This study has followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guidelines

(7), and the study was registered on the PROSPERO platform
(CRD42024501198).
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Search strategy

The PubMed, Embase, Web of Science, Cochrane Library,
China National Knowledge Internet (CNKI), Wan-Fang digital
database, VIP Database for Chinese Technical Periodicals
(CQVIP), and China Biology Medicine disc (CBM) were searched
for Chinese or English studies from inception to January 2024. The
following search terms were used: “diabetic foot” or “foot, diabetic”
or “diabetic feet” or “feet, diabetic” or “foot ulcer, diabetic”, and
“ultrasound-assisted wound debridement” or “ultrasonic
debridement” or “ultrasound debridement”. The detailed search
strategies are described in Supplementary Material 1. To prevent
omissions in the literature, we searched for references to systematic
reviews and meta-analysis articles in related fields. All retrieved
literatures were imported into the Endnote X9 software (Thomson
ResearchSoft, Stanford, CA, United States).

Selection and eligibility criteria

Two authors (Yu Luo, Zeyu Zheng) independently screened for
suitability from the original collected literatures, they would discuss
with each other if there were differences, and a third author (Huafa
Que) was consulted if differences could not be resolved. This meta-
analysis included published studies that met the following selection
criteria: (i) the subjects must be patients with DFU; (ii) patients in
experimental group underwent UAWD and those in the control
group were treated with placebo or standard wound care (SWC).
SWC included wound irrigation with normal saline, sharp
debridement, autolytic debridement, obtaining appropriate tissue/
bone culture, and so on. Exclusion criteria were the following: (i)
review articles, mate-analysis, conference papers, retrospective
studies, cross-sectional studies, cross-RCTs, etc; (ii) studies
lacking sufficient data; (iii) in vitro or animal experiments; (iv)
studies on patients with gestational diabetes; (v) duplicate studies.

Date extraction and quality assessment

Two authors (Wenke Zhang, Pengfei Zhou) independently
extracted the following data from each study: first author,
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publication year, country, study type, sample size, treatment details
(UAWD, SWC or placebo), observation time, primary outcomes
(healing rate, wound healing time, percentage reduction in wound
size, effectiveness of treatment (the percentage of patients with
effective treatment to the total number of patients), wound blood
perfusion, transcutaneous oxygen partial pressure). Any differences
and disagreements in the extracted data were resolved by a third
author (Huafa Que).

The Cochrane Risk Bias Tool version 2.0 (8) was used to assess
the quality of the included studies, two researchers (Wen Xiao,
Yiting Shen) independently assessed them from seven aspects:
random sequence generation, allocation concealment, blinding of
participants and personnel, blinding of outcome assessment,
incomplete outcome data, selective reporting, and other bias.

Statistical analysis

One author (Xiaojie Hu) used Review Manager (version 5.4, the
Nordic Cochrane Centre, Copenhagen, Denmark) and Stata
(version 18.0, the StataCorp LP, USA) to analyze data extracted
from included literatures. For continuous variables, mean difference
(MD) with 95% confidence intervals (95% CI) were reported as the
effect size. Meanwhile, the dichotomous data were selected odds
ratio (OR) as the effect size. Moreover, the statistical heterogeneity
was tested by using the Cochran Q-test and I>. When I” < 50%, we
considered the heterogeneous was acceptable and a fixed effect
model was used. Otherwise, the random effect was taken into
consideration (I* > 50%). Subgroup analysis was performed for
some of the results. Sensitivity analysis is used to evaluate the
robustness of results. In addition, Begg’s test and Egger’s test were
used to assess the possibility of publication bias. The significant
difference level was set at P < 0.05.

Results
Identification and selection of studies

The initial literature searches retrieved 574 records from the 8
databases. After we excluded 235 duplicates, 339 literatures
remained. By reading the titles and abstracts of the literatures,
301 literatures were excluded that did not meet the inclusion
criteria. Afterward, among the remaining 38 studies, 27 studies
were excluded by reading full text. Eventually, 11 eligible studies
were included in the meta-analysis (Figure 1).

Characteristics and quality assessment
of studies

We eventually included 11 (9-19) studies that encompassed 696
patients, the characteristics of the studies were showed in Table 1.
Three studies (10, 12, 14) compared UAWD with placebo, there
were two studies (10, 12) were designed double-blind RCT's and two
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studies (11, 14) were designed single-blind RCTs among the 11
studies. These studies were conducted in Spain, India, Australia,
USA, Iran, China. One of the studies (11) had 10 patients, but these
patients had 14 wounds, with a total of 8 wounds in the patients in
the UAWD group and 6 in the SWC group. All studies had an
observation period of between 2 weeks and 6 months. All of 11
RCTs were assessed by using The Cochrane Risk Bias Tool, the
details of assessing risk of bias are demonstrated in Figures 2 and 3.

Healing rate

There were eight studies (9-14, 18, 19) that included wound
healing rate as an observational indicator, five (9, 11, 13, 18, 19) of
which were comparisons between UAWD and SWC, and three (10,
12, 14) of which were comparisons between UAWD and placebo.
The overall results of the meta-analysis showed that UAWD was
associated with a significant benefit in terms of the proportion of
patients who had wound healing (OR = 2.60, 95% CI: [1.67, 4.03], P
< 0.0001, > = 25%). Subgroup analysis showed a higher rate of
wound healing for UAWD versus SWC (OR = 2.32, 95% CI: [1.40,
3.83], P = 0.001, = 46%) and placebo (OR = 3.72, 95% CI: [1.48,
9.33], P = 0.005, I* = 0%) (Figure 4).

Wound healing time

Six studies (9, 11, 15, 17-19) investigated the effects of wound
healing time by comparing UAWD with SWC, meta-analysis results
showed significant difference in two therapies (MD = -11.94, 95%
CI: [-23.65, -0.23], P = 0.05, I ~ 99%) (Figure 5). The results of the
sensitivity analysis showed that excluding any of the studies had no
obvious effect on the MD values. The detailed data is described in
Supplementary Material 2.

Percentage reduction in wound size

Four RCTs (10, 13, 16, 17) used percentage reduction in wound
size as an observable indicator of efficacy. The meta-analysis of this
data estimated the pooled MD at 14.2, 95% CI: [10.8, 17.6], P <
0.00001, I* = 32%. Results of subgroup analysis indicated that
UAWD showed a significant improvement in percentage
reduction in wound size when compared to SWC (MD = 14.56,
95% CI: [11.02, 18.1], P < 0.00001, I> ~ 48%), although no
statistically significant differences were observed between UAWD

and placebo (MD = 9.8, 95% CI: [-2.55, 22.15], P = 0.12) (Figure 6).

Effectiveness of treatment

Two studies (18, 19) had outcome measures associated with
effectiveness of treatment, and the meta-analysis showed that
UAWD had better effect than SWC (OR = 10.3, 95% CI: [4.68,
22.66], P < 0.00001, I* = 0%) (Figure 7).
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FIGURE 1

Flow diagram of systemic review procedure.

Wound blood perfusion

There were two studies (15, 16) that included wound blood
perfusion as an observational indicator. Based on the results of
meta-analysis, there were no statistically significant differences that
were observed between UAWD and SWC (MD = 0.25, 95% CIL:
[-0.01, 0.52], P = 0.06, I = 90%) (Figure 8).

Transcutaneous oxygen partial pressure
Two studies (16, 17) investigated the effects of transcutaneous
oxygen partial pressure by comparing UAWD with SWC, meta-

analysis results showed no significant difference in two therapies
(MD = 14.34, 95% CI: [-10.03, 38.71], P = 0.25, I> ~ 98%) (Figure 9).

Adverse events

One study (12) assessed the safety of UAWD and placebo, in
which 160 patients were reported to have adverse events such as

Frontiers in Endocrinology

cellulitis, development of additional wounds on the index foot, pain,
wound drainage, and erythema. But these adverse events were
proved to be unrelated to the two treatment measures. Adverse

events were not mentioned in the other studies.

Publication bias

Begg’s test and Egger’ s test were applied to evaluate the
publication bias of each outcomes in this study. As displayed in
the Supplementary Files, the P values calculated by using Begg’s test
were more than 0.05, which illustrated that publication bias was
inexistent. The detailed data is described in Supplementary
Material 3.

Discussion

The pathology of DFU is extraordinarily complex, due to the
persistent hyperglycemic state and the associated complications that
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TABLE 1 Characteristics of the included studies.

10.3389/fendo.2024.1393251

Study Total' Experimental Control Observation
(author/year) popL(tha;tlon group,n group,n OUiERTE: time
Lémr;’)ﬁ)"g;ez L Spain RCT 51 UAWD.27 SWC24 @ 6 weeks
Rastogi, A 2019 (10) India RCT 60 UAWD,34 Placebo,26 [0©] 4 weeks

M;C()hl":lz‘lhls) L Australia RCT 10(14 wounds) UAWD.8 SWC6 @ 6 months
Ennis, W. ] 2005 (12) USA RCT 55 UAWD,27 Placebo,28 0] 12 weeks
Amini, S 2013 (13) Iran RCT 40 UAWD,20 SWC,20 (@) 6 months
Bajpai, A 2018 (14) USA RCT 8 UAWD,4 Placebo,4 © 12 weeks
Ding WM 2021 (15) China RCT 68 UAWD,34 SWC,34 [©6)] 2 weeks
Cao Y 2010 (16) China RCT 24 UAWD,12 SWC,12 20 days
Chen XL 2013 (17) China RCT 62 UAWD,29 SWC,33 6 weeks
Lin X 2021 (18) China RCT 78 UAWD,39 SWC,39 00D NA
Zu JL 2019 (19) China RCT 240 UAWD,120 SWC,120 @00 3 month

®healing rate; @Wound healing time; ®@Percentage reduction in wound size; @Effectiveness of treatment;@Wound blood perfusion; ©Transcutaneous oxygen partial pressure.

arise from it, including skin and soft tissue barrier disruption and
infection, high oxidative stress, neuropathy, microangiopathy, and
chronic inflammatory reaction (20), making it one of the most
serious and expensive complications of diabetes to treat (21).
Atherosclerosis is the pathological basis of many complications of
diabetes, such as DFU and diabetes with coronary atherosclerotic
heart disease. Many serum markers can predict the occurrence of
these diseases to some extent (22). For example, high levels of serum
homocysteine will damage blood vessels and significantly increase
the risk of peripheral vascular disease, coronary heart disease and
cerebrovascular disease in diabetes patients (23). The standard
treatment for DFU is dressing therapy, plus offloading managing
wound infection and sharp wound debridement would occurs if
there is wound bed degeneration and or overlying/marginal tissue
necrosis/biofilm. Wound debridement is a basic treatment for DFU,
which includes surgical sharp debridement, enzymatic
debridement, biological debridement, and autolysis debridement

(24). Moreover, local wound decompression, diabetes related
treatment and education (25), improving peripheral vascular
circulation and regulating metabolism are also important
treatment methods (26). Each of these methods has advantages
and disadvantages. Surgical sharp debridement is commonly used,
but it is not suitable for patients with poor vascular status, and most
patients have multiple serious complications, and the wound
surface has characteristics such as a wide range of diseased tissue,
deep location, and scattered necrotic tissue. Traditional surgical
debridement mainly relies on surgical knives or tissue scissors,
resulting in significant damage and incomplete debridement, and
sometimes can lead to exposure of the wound bones, joints and
ligaments, which may cause certain damage to the wound bed (27).
Some researchers believe that about 50% of patients with diabetes or
DFU have peripheral artery disease, and it is estimated that 65% of
DFUs have ischemic symptoms. Therefore, UAWD can be an
effective alternative when sharp debridement is contraindicated,

'
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FIGURE 2
Risk of bias summary.
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Risk of bias graph.
Experimental Control Odds Ratio Odds Ratio
Study or Events Total Events Total Weight M:-H, Fixed. 95% CL M-H, Fixed, 95% Cl
1.1.1 UAW vs SWC
Amini, § 2013 12 20 1120 172%  1.23[0.35,4.31] I
Lazaro-Martinez JL 2020 23 27 20 24 123%  1.15[0.25521] [ —
Lin X 2021 2 39 10 39 13.0%  5.80[2.18, 15.45] —
Michailidis, L 2018 5 8 5 6 84%  0.33[0.03 4.40] B
ZuJL 2019 20 120 9 120 293%  247([1.07,567] —
Subtotal (95% CI) 214 209 802%  2.32[1.40,3.83] >
Total events 86 55
Heterogeneity: Chiz = 7.37, df = 4 (P = 0.12); I = 46%
Test for overall effect: Z = 3.29 (P = 0.001)
1.1.2 UAW vs Placebo
Bajpai, A 2018 4 4 1 4 06% 21.00[0.64, 689.99] -
Ennis, W. J 2005 11 27 4 28 91% 413[112,1525] —
Rastogi, A 2019 8 34 3 26 102%  2.36(0.56,9.96] T
Subtotal (95% Cl) 65 58 19.8%  3.72[1.48,9.33] -
Total events 23 8
Heterogeneity: Chi* = 1.35, df = 2 (P = 0.51); 1= 0%
Test for overall effect: Z = 2.80 (P = 0.005)
Total (95% CI) 279 267 100.0%  2.60 [1.67,4.03] 4
Total events 109 63
Heterogeneity: Chi” = 9.39, df = 7 (P = 0.23); I = 26%
> 001 01 1 10 1000
Test for overall effect: Z = 4.26 (P < 0.0001) Ultrasound-assisted wound debridement  Standard wound care
Test for subgroup differences: Chi? = 0.78, df = 1 (P = 0.38), 1= 0%
FIGURE 4
Forest plots of healing rate.
Ultrasound-assisted wound debridement  Standard wound care Mean Difference Mean Difference
tudy or Subgroup Mean SD Total Mean D Total Weight IV, Random. 95% Cl 1V, Random. 95% CL
Chen XL 2013 243 52 29 391 48 33 212% -14.80-17.30,-12.30] -
Ding WM 2021 2129 284 34 3088 328 34 214%  -9.59[-1105,-8.13] -
Lazaro-Martinez JL 2020 67.9 2656 27 1036 861 24 74% -3570[-7158,0.18]
Lin X 2021 27.36 32 39 3652 528 39 213%  -9.16[11.10,-7.22] -
Michailidis, L 2018 1176 403 8 616 244 6 7.6% 5600 (2193, 90.07] e —
ZuJL 2019 436 35 120 741 42 120 21.4% -30.50 3148, -29.52] .
Total (95% CI) 257 256 100.0% -11.94 [-23.65, -0.23] -
:e(?r’ogenelty‘vl T;u‘: ;676;300;‘1:0708;“ df =5 (P < 0.00001); I = 99% o s 1 s E
est for overall effect: 2 = 2.00 (P = 0.05) Ultrasound-assisted wound debridement  Standard wound care
FIGURE 5
Forest plots of wound healing time.
Experimental Control Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight 1V, Fixed, 95% Cl IV, Fixed. 95% CI
3.1.1 UAW vs SWC
Amini, S 2013 63.6 24.5 20 393 323 20 3.7% 24.30[6.53, 42.07]
Cao Y 2010 87 1" 12 65 14 12 11.4% 22.00[11.93, 32.07] -
Chen XL 2013 781 6.6 29 651 89 33 77.3% 13.00[9.13, 16.87] .
Subtotal (95% Cl) 61 65 92.4% 14.56[11.02, 18.10] ’
Heterogeneity: Chi? = 3.87, df = 2 (P = 0.14); I = 48%
Test for overall effect: 8.06 (P < 0.00001)
3.1.2 UAW vs Placebo
Rastogi, A 2019 69.4 232 34 596 249 26 7.6% 9.80[-255,22.15] T
Subtotal (95% Cl) 34 26 7.6% 9.80[-2.55,22.15] -
Heterogeneity: Not applicable
Test for overall effect: Z = 1.56 (P = 0.12)
Total (95% CI) 95 91 100.0% 14.20[10.80, 17.60] *

Heterogeneity: Chi? = 4.40, df = 3 (P = 0.22); 1> = 32%
Test for overall effect: Z = 8.18 (P < 0.00001)
Test for subgroup differences: Chi? = 0.53, df = 1 (P = 0.47), I = 0%

50 25 0 25 50
Favours [experimental] ~Favours [control]

FIGURE 6
Forest plots of percentage reduction in wound size.
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Study or Event; Total Event Total Weight M-H, Fixed, 95% Cl M:H, Fixed. 95% CI
Lin X 2021 38 39 31 39 15.7%  9.81[1.16,82.71] —
Zu JL 2019 113 120 73 120 84.3% 10.39 [4.46, 24.24] .
Total (95% CI) 159 159 100.0% 10.30 [4.68, 22.66] -
Total events 151 104
IR
est for overall effect: 2 = 5.80 ( ) Ultrasound-assisted wound debridement  Standard wound care
FIGURE 7

Forest plots of effectiveness of treatment.

isted wound Standard wound care

Mean Difference Mean Difference

Study or Subgroup Mean ) Total _Mean SD_ Total Weight IV, Random, 95% CI IV, Random, 95% Cl
Cao Y 2010 091 0.18 12 08 0.19 12 47.3% 0.11[-0.04, 0.26]
Ding WM 2021 1.21 0.19 34 083 015 34 527% 0.38 [0.30, 0.46] &
Total (95% CI) 46 46 100.0% 0.25[-0.01, 0.52]

Heterogeneity: Tau” = 0.03; Chi? = 9.81, df = 1 (P = 0.002); I* = 90%
Test for overall effect: Z = 1.87 (P = 0.06)

FIGURE 8
Forest plots of wound blood perfusion.

such as patients with poor vascular status (28). The principle of
UAWD is mainly to use an ultrasonic debridement device for
microcomputer automatic control, automatic frequency tracking,
and output ultrasound. After pressurizing a sterile 0.9% sodium
chloride solution to a certain pressure, a micro jet is generated
through the handle nozzle, thereby generating a “cavitation” effect.
By utilizing the pressure difference of toughness and elasticity of
different tissues in the human body, necrotic tissue is accurately
identified and removed without causing thermal damage to
surrounding tissues, maximizing the protection of healthy tissue
and structures; At the same time, it is believed to improve local
blood flow perfusion and oxygen partial pressure, stimulate the
release of growth factors and inflammatory mediators, promote the
growth of fresh granulation tissue, and accelerate wound healing.
UAWD can effectively remove necrotic tissue, biofilm, reduce
wound bacterial count, improve granulation tissue survival rate
and chronic wound healing rate. Its main mechanism of action is to
stimulate the relevant signal transduction pathways of wound
healing by the mechanical energy generated by ultrasound,
promoting leukocyte adhesion, growth factor generation,
fibroblast proliferation, and collagen production (29, 30). In
addition, UAWD induces vibration and cavitation, resulting in
sound flow and tiny bubbles along the boundary between sound
waves and cell membranes, causing changes in cell function,
enhancing protein synthesis, and increasing the permeability of
cell membranes and vascular walls (31). Meanwhile, the increase in
macrophage reactivity and the enhancement of fibrinolysis are also
ultrasound induced cellular effects. Ultrasound energy is believed to
decrease edema, inhibit bacterial colonization, reduce bacterial

isted wound i Standard wound care
tudy or Subgroup Mean SD Total _Mean SD
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burden, and prevent biofilm formation (10). Therefore, in recent
years, UAWD has been widely used in the clinical treatment of DFU
and has achieved good therapeutic effects.

The meta-analysis results of this study showed that the subgroup
analysis of wound healing rate showed that the UAWD group had a
higher wound healing rate than the SWC group, and had a higher
wound healing rate than the placebo group. The meta-analysis results
of wound healing time showed that patients in the UAWD group
(50.34 + 13.61 days) had shorter wound healing time than those in the
SWC group (57.64 + 21.34 days), but there was significant
heterogeneity in the data comparison between the two groups. Based
on the information extracted from each study, sensitivity analysis did
not find any significant sources of heterogeneity. In terms of treatment
effectiveness, the UAWD group was significantly higher than the SWC
group. As for wound area reduction rate, UAWD is significantly higher
than SWC, but there is no statistically significant difference between
UAWD and placebo. Similarly, in terms of wound blood flow
perfusion and transcutaneous oxygen partial pressure, although the
intra group comparisons of each study showed that UAWD was more
effective than SWC, there was no significant statistical difference in the
meta-analysis data between the UAWD group and SWC group.

This study contains the following limitations: firstly, we only
included literature in Chinese and English, which may lead to certain
regional limitations in the research results. Secondly, some of the
included studies did not specify the Wagner level, duration of illness,
and frequency values set for the use of ultrasound debridement
machines in patients with DFU, which may lead to heterogeneity in
research results due to differences in the severity of the patient’s
condition and intervention measures. Thirdly, some studies have not

Mean Difference Mean Difference

Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
Cao Y 2010 34,66 6.08 12 3283 697 12 497%  183(-3.40,7.06] 4
Chen XL 2013 69.5 67 29 428 78 33 50.3% 26.70[23.09,30.31) u
Total (95% CI) 41 45 100.0% 14.34[10.03, 38.71] -
Heterogeneity: Tau? = 304.00; Chi* = 58.79, df = 1 (P < 0.00001); I* = 98%

Test for overall effect: Z = 1.15 (P = 0.25)

FIGURE 9
Forest plots of transcutaneous oxygen partial pressure.
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reported the implementation of blinding, which may lead to a risk of
bias. Fourthly, there is significant heterogeneity in wound healing time,
and based on the information provided by the included studies, we do
not currently know the source of heterogeneity. Fifthly, there are only
three studies comparing UAWD with placebo, resulting in insufficient
support for the reliability of research results.

Conclusion

Based on the above results, it can be concluded that UAWD can
significantly improve wound healing rate, shorten wound healing
time, accelerate wound area reduction rate, and improve clinical
treatment effectiveness without obvious adverse reactions. Although
there is no significant difference in transcutaneous oxygen pressure
and wound blood flow perfusion between UAWD and SWC. We
look forward to more double blinded, placebo-controlled, high-
quality studies in the future, To enable researchers to obtain more
complete and accurate analytical data, in order to improve the
scientific and credibility of the evidence.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

EL: Writing - review & editing, Writing - original draft,
Methodology, Investigation. XH: Writing — review & editing,
Visualization, Software, Data curation. WZ: Writing — review &
editing, Data curation. WX: Writing — review & editing, Validation,
Methodology. YS: Writing - review & editing, Validation,
Methodology. YL: Writing - review & editing, Data curation. ZZ:
Writing - review & editing, Data curation. PZ: Writing - review &
editing, Data curation. YH: Writing — review & editing, Software,
Methodology. HQ: Writing - review & editing, Writing - original

References

1. Senneville E, Albalawi Z, van Asten SA, Abbas ZG, Allison G, Aragon-Sanchez J,
et al. IWGDF/IDSA guidelines on the diagnosis and treatment of diabetes-related foot
infections (IWGDF/IDSA 2023). Diabetes Metab Res Rev. (2024) 40(3):e3687.
doi: 10.1002/dmrr.3687

2. Armstrong DG, Boulton AJM, Bus SA. Diabetic foot ulcers and their recurrence.
N Engl ] Med. (2017) 376:2367-75. doi: 10.1056/NEJMral615439

3. Boulton AJ, Vileikyte L, Ragnarson-Tennvall G, Apelgvist J. The global burden
of diabetic foot disease. Lancet. (2005) 366:1719-24. doi: 10.1016/S0140-6736(05)
67698-2

4. Dayya D, O’'Neill O], Huedo-Medina TB, Habib N, Moore J, Iyer K. Debridement
of diabetic foot ulcers. Adv Wound Care (New Rochelle). (2022) 11:666-86.
doi: 10.1089/wound.2021.0016

5. Yang H, Liu L, Li G, Chen Y, Jiang D, Wang W, et al. Growth promoting effect of
vacuum sealing drainage in the healing processes of diabetic foot ulcers. Ther Clin Risk
Manag. (2021) 17:65-71. doi: 10.2147/TCRM.S282840

Frontiers in Endocrinology

10.3389/fendo.2024.1393251

draft, Supervision, Resources, Project administration,
Funding acquisition.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.
Construction project for Shanghai Municipal Health Commission
key clinical specialty (shslczdzk03801); Construction project for
Shanghai Municipal Health Commission inheritance and
innovation team of the Shanghai-style Traditional Chinese
Medicine (2021LPTD-001); Construction project for Shanghai
Municipal Health Commission East China Area of TCM special
disease alliance(2021); Construction project for National Regional
Chinese medicine surgery diagnosis and treatment center(2018);

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2024.
1393251/full#supplementary-material

6. Chang M, Nguyen TT. Strategy for treatment of infected diabetic foot ulcers. Acc
Chem Res. (2021) 54:1080-93. doi: 10.1021/acs.accounts.0c00864

7. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: an updated guideline for reporting systematic reviews.
BM]J. (2021) 372:n71. doi: 10.1136/bmj.n71

8. Higgins JP, Altman DG, Getzsche PC, Jiini P, Moher D, Oxman AD, et al. The
Cochrane Collaboration’s tool for assessing risk of bias in randomised trials. BMJ.
(2011) 343:d5928. doi: 10.1136/bmj.d5928

9. Lazaro-Martinez JL, Alvaro-Afonso FJ, Sevillano-Fernandez D, Garcia-Alvarez Y,
Sanz-Corbalan I, Garcia-Morales E. Cellular proliferation, dermal repair, and
microbiological effectiveness of ultrasound-assisted wound debridement (UAW) versus
standard wound treatment in complicated diabetic foot ulcers (DFU): an open-label
randomized controlled trial. J Clin Med. (2020) 9:4032. doi: 10.3390/jcm9124032

10. Rastogi A, Bhansali A, Ramachandran S. Efficacy and safety of low-frequency,
noncontact airborne ultrasound therapy (Glybetac) for neuropathic diabetic foot

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1393251/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1393251/full#supplementary-material
https://doi.org/10.1002/dmrr.3687
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.1016/S0140-6736(05)67698-2
https://doi.org/10.1016/S0140-6736(05)67698-2
https://doi.org/10.1089/wound.2021.0016
https://doi.org/10.2147/TCRM.S282840
https://doi.org/10.1021/acs.accounts.0c00864
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.d5928
https://doi.org/10.3390/jcm9124032
https://doi.org/10.3389/fendo.2024.1393251
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Liu et al.

ulcers: A randomized, double-blind, sham-control study. Int ] Low Extrem Wounds.
(2019) 18:81-8. doi: 10.1177/1534734619832738

11. Michailidis L, Bergin SM, Haines TP, Williams CM. Healing rates in diabetes-
related foot ulcers using low frequency ultrasonic debridement versus non-surgical
sharps debridement: a randomised controlled trial. BMC Res Notes. (2018) 11:732.
doi: 10.1186/s13104-018-3841-4

12. Ennis W], Foremann P, Mozen N, Massey ], Conner-Kerr T, Meneses P.
Ultrasound therapy for recalcitrant diabetic foot ulcers: results of a randomized,
double-blind, controlled, multicenter study [published correction appears in Ostomy
Wound Manage. 2005 Sep;51(9):14]. Ostomy Wound Manage. (2005) 51:24-39.

13. Amini S, ShojaeeFard A, Annabestani Z, Hammami MR, Shaiganmehr Z,
Larijani B, et al. Low-frequency ultrasound debridement in patients with diabetic
foot ulcers and osteomyelitis. Wounds. (2013) 25(7):193-8. doi: 10.4103/0378-6323.
113105

14. Bajpai A, Nadkarni S, Neidrauer M, Weingarten MS, Lewin PA, Spiller KL.
Effects of non-thermal, non-cavitational ultrasound exposure on human diabetic ulcer
healing and inflammatory gene expression in a pilot study. Ultrasound Med Biol. (2018)
44:2043-9. doi: 10.1016/j.ultrasmedbio.2018.05.011

15. Ding WM, Li L, Wang SS. Application of ultrasonic debridement combined with
moist therapy in the treatment of diabetic foot ulcer. J Clin Surg. (2021) 29:382-4.
doi: 10.3969/j.iss1.1005-6483.2021.04.024

16. CaoY, Xue YM, Lai XN, Gao F, Shen ], Xie CH. Effect of ultrasound debridement
on bacteria cleaning and microcirculation improvement in diabetic foot ulcer. Chin |
Diabetes. (2010) 18:597-600. doi: 10.3969/j.issn.1006-6187.2010.08.012

17. Chen XL, Zheng YL, Cao MH, Deng WQ, Jiang YZ, Wu HL. Analysis of
ultrasonic water-jet debridement system on diabetic foot ulcer treament. ] Reg Anat
Oper Surg. (2013) 22:78-9. doi: 10.11659/jjssx.1672-5042.2013010034

18. Lin X, An YY, Yu LJ. Therapeutic efficacy of low-frequency ultrasonic
debridement device in the treatment of chronic ulcer of diabetic foot. Pharm Weekly.
(2021) 30:107.

19. Zu JL. Diabetic foot ulcer patients before and after treatment by ultrasonic
debridement Changes in oxidative stress markers and efficacy analysis. ] Med Theor
Prac. (2019) 32:2939-41. doi: 10.19381/j.issn.1001-7585.2019.18.041

20. Burgess JL, Wyant WA, Abdo Abujamra B, Kirsner RS, Jozic I. Diabetic wound-
healing science. Medicina (Kaunas). (2021) 57:1072. doi: 10.3390/medicina57101072

21. Salahi P, Nasiri M, Yazdanpanah L, Khosravi S, Amini MR. Short-term effect of
dressing with Dermaheal ointment in the treatment of diabetic foot ulcer: A double-

Frontiers in Endocrinology

09

10.3389/fendo.2024.1393251

blinded randomized controlled clinical trial. Health Sci Rep. (2024) 7:e1868.
doi: 10.1002/hsr2.1868

22. Muresan M, Otilia M, Liana A, Luciana D, Angela A, Laura V, et al. Correlation
between reaktiveoxygene species and homocysteine levels in normal pregnancy.
Farmacia. (2011) 59:179-90.

23. Caprnda M, Mesarosova D, Ortega PF, Krahulec B, Egom E, Rodrigo L, et al.
Glycemic variability and vascular complications in patients with type 2 diabetes
mellitus. Folia Med (Plovdiv). (2017) 59:270-8. doi: 10.1515/folmed-2017-0048

24. Du F, Ma J, Gong H, Bista R, Zha P, Ren Y, et al. Microbial infection and
antibiotic susceptibility of diabetic foot ulcer in China: literature review. Front
Endocrinol (Lausanne). (2022) 13:881659. doi: 10.3389/fend0.2022.881659

25. Naves CC. The diabetic foot: A historical overview and gaps in current
treatment. Adv Wound Care (New Rochelle). (2016) 5:191-7. doi: 10.1089/
wound.2013.0518

26. Schaper NC, van Netten JJ, Apelqvist J, Bus SA, Hinchliffe RJ, Lipsky BA.
Practical Guidelines on the prevention and management of diabetic foot disease
(IWGDF 2019 update). Diabetes Metab Res Rev. (2020) 36 Suppl 1:3266.
doi: 10.1002/dmrr.3266

27. Rayman G, Vas P, Dhatariya K, Driver V, Hartemann A, Londahl M, et al.
Guidelines on use of interventions to enhance healing of chronic foot ulcers in diabetes
(IWGDF 2019 update). Diabetes/Metabol Res Rev. (2020) 36:€3283. doi: 10.1002/
dmrr.3283

28. Hingorani A, LaMuraglia GM, Henke P, Meissner MH, Loretz L, Zinszer KM,
et al. The management of diabetic foot: A clinical practice guideline by the Society for
Vascular Surgery in collaboration with the American Podiatric Medical Association
and the Society for Vascular Medicine. J Vasc Surg. (2016) 63:35-21S. doi: 10.1016/
1.jv$.2015.10.003

29. Maan ZN, Januszyk M, Rennert RC, Duscher D, Rodrigues M, Fujiwara T, et al.
Noncontact, low-frequency ultrasound therapy enhances neovascularization and
wound healing in diabetic mice. Plast Reconstr Surg. (2014) 134:402e-11e.
doi: 10.1097/PRS.0000000000000467

30. Thawer HA, Houghton PE. Effects of ultrasound delivered through a mist of
saline to wounds in mice with diabetes mellitus. ] Wound Care. (2004) 13:171-6.
doi: 10.12968/jowc.2004.13.5.26615

31. Wagner-Cox P, Duhame HM, Jamison CR, Jackson RR, Fehr ST. Use of
noncontact low-frequency ultrasound in deep tissue pressure injury: A retrospective
analysis. ] Wound. (2017) 44:336. doi: 10.1097/WON.0000000000000342

frontiersin.org


https://doi.org/10.1177/1534734619832738
https://doi.org/10.1186/s13104-018-3841-4
https://doi.org/10.4103/0378-6323.113105
https://doi.org/10.4103/0378-6323.113105
https://doi.org/10.1016/j.ultrasmedbio.2018.05.011
https://doi.org/10.3969/j.issn.1005-6483.2021.04.024
https://doi.org/10.3969/j.issn.1006-6187.2010.08.012
https://doi.org/10.11659/jjssx.1672-5042.2013010034
https://doi.org/10.19381/j.issn.1001-7585.2019.18.041
https://doi.org/10.3390/medicina57101072
https://doi.org/10.1002/hsr2.1868
https://doi.org/10.1515/folmed-2017-0048
https://doi.org/10.3389/fendo.2022.881659
https://doi.org/10.1089/wound.2013.0518
https://doi.org/10.1089/wound.2013.0518
https://doi.org/10.1002/dmrr.3266
https://doi.org/10.1002/dmrr.3283
https://doi.org/10.1002/dmrr.3283
https://doi.org/10.1016/j.jvs.2015.10.003
https://doi.org/10.1016/j.jvs.2015.10.003
https://doi.org/10.1097/PRS.0000000000000467
https://doi.org/10.12968/jowc.2004.13.5.26615
https://doi.org/10.1097/WON.0000000000000342
https://doi.org/10.3389/fendo.2024.1393251
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Efficacy and safety of ultrasound-assisted wound debridement in the treatment of diabetic foot ulcers: a systematic review and meta-analysis of 11 randomized controlled trials
	Introduction
	Methods
	Protocol and registration
	Search strategy
	Selection and eligibility criteria
	Date extraction and quality assessment
	Statistical analysis

	Results
	Identification and selection of studies
	Characteristics and quality assessment of studies
	Healing rate
	Wound healing time
	Percentage reduction in wound size
	Effectiveness of treatment
	Wound blood perfusion
	Transcutaneous oxygen partial pressure
	Adverse events
	Publication bias

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


