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Abstract

Purpose Diabetic foot ulcer (DFU) is one of the most devastating and troublesome consequences of diabetes. The current
therapies are not always effective because of the complicated aetiology and interactions of local and systemic components
in DFU. However, adjunctive therapy (electromechanical therapy) has become the latest modality in recent years, although
there is a lack of significant research to support its utilization as a treatment standard. The purpose of this systematic research
was to review the literature on the application of electromechanical therapies in the healing of DFUs.

Methods For this systematic review, we searched PubMed, Medline, EmBase, the Cochrane library, and Google Scholar
for the most current research (1990-2022) on electromechanical therapies for DFUs. We used the PICO method (where P
is population, I is intervention, C is comparator/control, and O is outcome for our study) to establish research question with
the terms [Electromechanical therapy OR Laser therapy OR photo therapy OR Ultrasound therapy OR Shockwave therapy]
AND [diabetic foot ulcers OR diabetes] were used as search criteria. Searches were restricted to English language articles
only. Whereas, Cochrane handbook of “Systematic Reviews of Interventions” with critical appraisal for medical and health
sciences checklist for systematic review was used for risk of bias assessment. There were 39 publications in this study that
were deemed to be acceptable. All the suitably selected studies include 1779 patients.

Results The meta-analysis of 15 included research articles showed the overall effect was significant (P =0.0002) thus sup-
porting experimental groups have improvement in the DFUs healing in comparison to the control group.

Conclusion This systematic review and meta-analysis revealed electromechanical treatments are significantly viable options
for patients with DFUs. Electromechanical therapy can considerably reduce treatment ineffectiveness, accelerate healing,
and minimize the time it takes for complete ulcer healing.

Keywords Diabetes - Diabetic foot ulcer - Electromechanical therapy - Adjunctive therapy - Systematic review - Meta-
analysis

Introduction peripheral neuropathy, and peripheral vascular disease.
Nearly 80% of nontraumatic amputations are caused by

Diabetes is an emerging epidemic with rising incidence, = DFUs, which account for around 35% of the patients in dia-

morbidity, and death [1]. Diabetic Foot Ulcer (DFU) is one
of the most devastating and troublesome consequences of
diabetes and the most significant predictor for lower-extrem-
ity amputations [2]. DFU is frequently linked to infection,
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betes clinics [2]. Approximately 6% of people worldwide
have DFU, and the disease can have up to a 77% five-year
mortality rate [2, 3]. According to the International Dia-
betes Federation, the number of persons with diabetes has
constantly increased; currently, there are 643 million cases
worldwide, and by 2045, there will be 783 million cases [4].

It is crucial to research techniques and therapies to lessen
the burden of the disease in a productive and economical
manner since managing DFU continues to be a significant
therapeutic problem on a global scale. Due to poor leuko-
cyte chemotaxis and phagocytosis, diminished macrophage
activity in the wound matrix, decreased collagen synthesis
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and deposition, and reduced growth factor release, wound
recovery in diabetes patients is often slower than in healthy
persons [5, 6]. Diabetes patients have a poor capacity to heal
wounds, which makes managing the illness more challeng-
ing. Therefore, the development of a treatment for DFUs
should take into account a multidisciplinary approach that
includes glycaemic management, daily local care, antimicro-
bials, antiseptics, surgical revascularization, and engineered
biological tissues [6, 7].

Surgery debridement, dressings, pressure offloading, vas-
cular assessment, infection treatment, glycaemic control, and
patient education make up the standard of care for DFUs
[8, 9]. These treatments are not always successful because
of the complex aetiology and interaction of local and sys-
temic factors. As a result, it requires a variety of time and
cost periods to support the healing process [10]. An optimal
adjuvant therapy has yet to be established, which is urgently
needed for DFU healing [11]. According to a number of ear-
lier research, nonpharmacological treatments such electrical
stimulation [12], low-level laser therapy (LLLT), hyperbaric
oxygen therapy [13], and foot off-loading may also be help-
ful in the healing of DFUs. Additionally, it has been pro-
posed that the use of ultrasound, light therapy, and electrical
stimulation will hasten the healing of DFUs by promoting
the migration of different cell types and improving wound
perfusion [14, 15]. However, an ideal adjuvant therapy has
not yet been identified, which is urgently required for the
wound healing of DFUs [11]. Due to the dearth of high-
quality data that provides solid evidence to support their
clinical use, there is a clear need for evidence to substantiate
the use of electromechanical therapies (laser therapy, photo-
therapy, ultrasound therapy, and shockwave therapy) in the
management of DFUs [16].

In the current study, we set out to comprehensively
review the literature on the application of electromechanical

Table 1 Inclusion and exclusion criteria for studies

therapies in the healing of DFUs, synthesise the results using
meta-analysis of randomised controlled trials (RCTs), and
provide clinical guidelines and evidence-based recommen-
dations for the treatment of DFUs in the future.

Material and methods

For this systematic review in November 2022, we searched
PubMed, Medline, EmBase, the Cochrane library, and
Google Scholar for the most current research (1990-2022)
on electromechanical treatments for DFUs. PICO format
was followed to design the research question as it is the rec-
ommended method by Cochrane and PRISMA guidelines.
The terms [Electromechanical therapy OR Laser therapy
OR photo therapy OR Ultrasound therapy OR Shockwave
therapy] AND [diabetic foot ulcers OR diabetes] were used
as search criteria. Searches were restricted to English lan-
guage articles only. The relevancy of the titles, abstracts,
and keywords was checked by two independent reviewers.
Publications having titles or abstracts that complied with
the requirements for this systematic review were chosen for
a more thorough examination. To discover whether there
were any other studies that were pertinent, we also went
through the reference tracking of bibliographies and manual
searches during the first search. The titles and abstracts were
evaluated for inclusion by the writers independently. Only
studies that satisfied the inclusion criteria were deemed eli-
gible after being located utilising the PRISMA technique
and critical appraisal tools (https://jbi.global/critical-appra
isal-tools) (Table 1). The risk of bias of included studies
was assessed by using an assessment tool of the “Cochrane
Handbook for Systematic Reviews of Interventions version”
with critical appraisal for medical and health sciences check-
list for systematic review.

PICO components  Inclusion criteria

Exclusion criteria

Population Diabetic patients with foot ulcers Patients without diabetic foot ulcers
Intervention Studies on the electromechanical therapies in diabetic foot ~ Anything not including the listed topics regarding electro-
ulcers mechanical therapies in diabetic foot ulcers
Peer reviewed research with all types of study designs (such Anything other than peer-reviewed articles and literature
as quantitative, qualitative, and mixed methods) such as reviews, blogs, books chapters, websites content,
and more
Published from 1990 to 2022 Published before 1990
Original article Reviews
Randomized control trials Meta-analysis/systemic reviews
English language research Publications in languages other than English
Comparator/Control  Placebo/ control group with other electromechanical Study without any control group
therapy
Outcome Improvement in the diabetic foot ulcers with electrome- Studies reporting no outcome

chanical therapies
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The data of patients, their age, sex, type of therapy/inter-
vention, duration was extracted. Depending upon the avail-
ability of data in the studies we used Standardized Mean
Difference (SMD). The statistical analysis (meta-analysis)
was performed using Review Manager 5.4 and a 95% con-
fidence interval. Based on the heterogeneity between the
studies we selected random or fixed-effect model for meta-
analysis. To determine the entire cumulative impact, forest
plots were curated.

Quality assessment

The assessment tool covers 7 domains: random sequence
generation (selection bias), allocation concealment
(selection bias), blinding of participants and personnel
(performance bias), blinding of outcome assessment
(detection bias), incomplete outcome data (attrition bias),

selective reporting (reporting bias), and other biases.
Bias was assessed as “low risk,” “high risk,” or “unclear
risk.”

Results

Following the PRISMA guidelines and critical appraisal
tools to ensure the quality and consistency of the identi-
fied articles, several criteria were used for article eligi-
bility as described in Table 1. After the initial search,
8200 duplicate articles from all researched databases
were deleted. Further, 3651 papers were removed from
the research after their titles and abstracts were exam-
ined. The remaining 449 articles were reviewed and
selected by the principal author and co-author based
on the set inclusion and exclusion criteria. This study
comprised 39 papers that were determined to be eligible

(Fig. 1).

Identification of new studies via databases and registers

(=
o
E Records identified from: Records removed before screening:
= Databases (n = 12,300) Duplicate records (n = 8,200)
5
=)

Records screened Records excluded

(n =4,100) (n =3,651)
E’ Reports soughtfor retrieval Reports notretrieved
§ (n = NA) (n =NA)
S
(2]
Reports excluded:
Reports assessed for eligibility - | Other therapies (n = 307)
(n =449) Review articles (n = 75)
Meta-analysis/systemic reviews (n = 29)

§ New studies included in review
.§ (n=39)

Fig.1 The PRISMA flow chart of the literature selection for the
meta-analysis. After eliminating any obviously irrelevant information,
the authors separately reviewed the research abstracts and full texts

to choose which publications to include based on the inclusion and
exclusion criteria (Table 1). Any issues or disagreements were dis-
cussed by all writers and were resolved
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The selected studies include 1779 patients with DFUs.
Most of the selected studies have been published in USA
(n=238), followed by Brazil (n=5) and Egypt (n=4) as
presented in Table 2. While 11 studies reported the use of
laser therapy for the treatment of DFUs, 10 studies reported
shockwave therapy, 8 studies reported stimulation therapy, 7
reported ultrasound therapy and 3 reported light/photother-
apy (Table 2). The mean difference (15.68) for these studies
also showed significant difference among experimental and
control groups (95% CI, 7.49, 23.87). The overall effect was
significant (P=0.0002) that indicates experimental groups
have improvement in the DFUs healing compared to control
group. Fifteen studies in the forest plot compared the electro-
mechanical therapies vs placebo/control groups that showed
significant difference (P <0.00001) in heterogeneity among
the groups with 98% I* value (Fig. 2).

Similarly, data from fourteen studies compared the number
of healed wounds among experimental and control groups.
The overall effect was non-significant (P=0.12) with odds
raio (1.31; 95% CI, 0.93, 1.84) for these studies showing bet-
ter healing among experimental groups compared to control
group. There was also a moderate degree of heterogeneity
among these studies (’=68%, P=0.00001) (Fig. 3).

Discussion

In the current study, we looked at novel therapies used to treat
DFUs. After a thorough review, extracorporeal shockwave
treatment (ESWT) has been shown through experimental
research to accelerate the production of angiogenesis-related
growth and proliferation factors, shorten the inflammatory
phase, and reduce the risk of wound infection [17-22]. Further-
more, by modifying substance P and calcitonin gene-related
peptides, ESWT significantly lessens pain in the vicinity of
the wound [23]. In 282 patients with chronic wounds who had
previously failed conventional treatments, Wolff, Wibmer [18]
used ESWT and reported a full cure rate of 74.03% without
recrudescence. ESWT was also proven to be effective and well
tolerated for treating complex, non-healing, acute, and chronic
soft tissue wounds Schaden, Thiele [19]. Thus, ESWT has
emerged as a viable first-line treatment for DFU.

In this review, we combined the studies and created a for-
est plot to compare electromechanical treatments with the
placebo/control group. The mean difference for these studies
revealed a significant difference between the experimental
and control groups, although, the analysis revealed hetero-
geneity across the groups with a 98% I? value. Overall, there
was a significant difference between the experimental and
control groups in how quickly DFUs healed. Our findings
support those of earlier research by Butterworth, Walsh [24],
Dymarek, Halski [25] and Omar, Gwada [26], which prove
the effectiveness of ESWT on chronic wounds.

@ Springer

In a randomised clinical trial by Kaviani, Djavid [27], it
was shown that low-level laser treatment (685 nm) cured 8
of 13 (66.6%) ulcers in the experimental group compared to
3 of 9 (33.3%) in the control group receiving sham radia-
tion. However, this finding was not statistically significant.
In a Level I investigation, Minatel, Frade [28] reported that
healing rates for a group of 7 patients with 10 ulcers treated
with combined 660- and 890-nm light were considerably
greater at 15-day interval than for a group of 7 patients with
13 ulcers treated with placebo radiation. In a recent RCT
(Level II evidence), Petrofsky, Lawson [29] found that elec-
trical stimulation and local dry heat resulted in a statistically
significant improvement in DFU healing rates and enhanced
blood flow to the surrounding area. ESWT resulted in a sub-
stantial reduction in wound size and ulcer healing time when
compared to normal therapyOmar, Alghadir [30].

Low-level laser therapy (LLLT), one of the adjuvant treat-
ments, has been identified as a viable mechanism of treat-
ment to hasten the healing of ulcers [31]. The findings of
several studies looking into the impact of LLLT on DFU
are encouraging. Studies have demonstrated a considerable
decrease in the size of the ulcer using LLLT with wave-
lengths of 632 nm (5 J/cm*; 20 mW)/904 nm (6 J/cm?*; 20
mW) and 658 nm (4 J/em?; 30 mW) [30, 76]. In addition to
decrease in DFU pains, considerably higher reductions in
ulcer size and the percentage of healing compared to con-
trols have been recorded [32-35]. However, its therapeutic
advantages rely on a number of factors, making it crucial to
identify the best parameterization for the efficient treatment
of DFU [36]. Additionally, there is a dearth of reliable data
that would support the therapeutic use of LLLT in DFU. The
benefits of LLLT on DF have been reported in earlier sys-
tematic studies [37, 38], however the current review includes
significant updates to its clinical effectiveness and improves
parameterization for clinical decision-making.

A prior study [38] suggested the LLLT settings of 660
and 890 nm wavelengths, 50 mW/cm? power density, 2 J/cm?
fluence, 30 s of exposure period, and a distance of 1 cm from
the wound. The LLLT parameters used in our study were
based on the RCTs showing wavelength: 400-904 nm, power
density: 30-180 mW/cm?, and fluence: 2—10 J/cm?. Most of
these variables complied with the suggested LLLT settings.

The impacts of LLLT on numerous cellular processes
and molecular pathways, such as promoting expression of
regulators for cell proliferation, migration, survival, and
granulation, were part of the mechanism of LLLT in hasten-
ing the healing process of chronic DFU [39]. Additionally,
it was discovered that the LLLT group's ulcers had more
granulation tissue than the control group [28, 32]. LLLT can
increase the expression of essential fibroblast growth fac-
tors and induce collagen production in damaged fibroblasts
of diabetic mice [40—43]. Transforming growth factor beta
[44], interleukin-1 and interleukin-8 [45], platelet-derived
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Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Rand: 95% CI IV, Rand! 95% Cl
Ahd El Fattah et al. (2018) 8225 2469 23 7434 17.64 23 6.9% 7.91 [4.49, 20.31] T
Amini etal. (2013) 636 245 20 393 323 20 5.9% 24.30[6.53, 42.07]
Bajpai etal. (2018) 34 12 4 5 5 4 6O%  20.00[16.26, 41.74] —_—
de Alencar Fonseca Santos et al. (2018) 7645 183 9 51.29 3161 9 4.8% 2516 [1.30, 49.02]
Jeppesen elal (2016) 345 1449 10 a6 214 " B.3% 26.80 [13.24, 44 58]
Kajagar etal. (2012) 4024 B3I 34 1187 428 34  82%  28.37[25.81,3093] -
Kaviani et al. (2011) 737 102 13 473 154 10 2% 26.40 [15.36, 37.44] I
Larking et al. {2010) 47.7  ans 4 128 183 g 1.9% 4490 [-7.40, 87.20] 1
Mathur etal. (2017) 373 ] 15 148 ] 15 8.0%  22.30[17.09, 27.51] -
Moretti et al. (2008) 60.8 47 15 822 47 14 81% -21.40[24.76,-18.04] -
MNossairetal. (2013) 8326 2743 20 4B.66 31.68 20 5.8%  34.60[16.23, 52.97] I
Omaretal. (2014) 8332 2068 24 B33 2481 21 B.7% 20.01 [6.55, 33.47] —_
Ottoman et al. (2010 139 2 13 167 2 14 8.2% -2.80 [-4.29,-1.31] =
Ottomann et al. (2012) 9.6 17 22 125 22 22 82% -2.90 [-4.08,-1.74] -
Rastogi etal. (2019) 694 232 26 596 2449 34 B9% 980243, 22.03] T
Total (95% CI) 252 258 100.0% 15.68 [7.49, 23.87] &
Heterogeneity: Tau® = 212.42; Chi*= 828.89, df= 14 (P = 0.00001); F= 38% 171 o0 n 10 5=D 1UIJ=
Test for overall eflect: Z=3.75 (F = 0.0002) Favours [experimental] Favours [control]

Fig.2 Forest plot showing improvement in the mean effects for experimental (electromechanical therapies) compared to control/placebo groups

of diabetic foot ulcer patients

Experimental Control Odds Ratio 0Odds Ratio
Study or Subgroup Events  Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Abd El Fattah et al. {2018) 13 23 19 23 142% 0.27[0.07, 1.08] r
Bajpai etal. (2018) 2 7 a 5  07% 5.00[019 13002 *
Jeppesen et al. (2016) 13 21 5 21 5.1% 2.95[0.85,10.22] T—
Kaviani etal. {2011} 8 13 3 9 24% 3.20[0.54,18.98] -
Kavros et al. (2007) 13 35 25 35 271% 0.24[0.09, 0.69] —
Landau et al. (2011) g 10 2 6 0.4% 18.00[1.24, 260.92] *
Lazaro-Martinez et al. (2020) 23 a7 20 24 54% 1.15[0.25, 5.21] E a—
Michailidis et al. (2018) a 4 3 4 54% 0.05[0.00,1.56] +
Minatel et al. (2009) 7 13 1 10 0.9% 10.50([1.02 108.58] s
Moretti et al. {2009) 8 15 5 15 4.0% 2.29[0.52,10.01] —_—rT
Omar etal. (2014) 13 2 5 21 5.1% 2.95[0.85,10.22] T
Rastogi etal. (2019) 18 26 30 34 13.8% 0.30[0.08, 1.14] e —
VWang et al. {2009) 32 36 26 36 5.0% 3.08 [0.86, 10.959] T
Wang et al. {2011) 28 44 16 40 10.5% 2.63[1.09, 6.34] —
Total (95% CI) 301 283 100.0% 1.31]0.93, 1.84] A
Total events 187 162
Heterogeneity: Chi*=40.78, df=13 (P = 0.0001), F= 68% =l] o1 011 t 100“

Testforoverall effect Z=1.56 (P=0.12)

Favours [experimental] Favours [control]

Fig. 3 Forest plot showing main event of wound healing among experimental (electromechanical therapies) and control/placebo groups

growth factor (PDGF)increased macrophage phagocytic
activity [46-50]. The synthesis of collagen and extracellular
matrix may be increased, the above-mentioned key cytokines
and growth factors may be attracted, and the migration, pro-
liferation, and differentiation of various cell types may all
be encouraged by LLLT. All these factors may collectively
play significant roles in the healing of DFUs. During LLLT
therapy, the epithelium and conjunctive tissues displayed
unique and quickly expanding cellular renovation, aiding in
the process of tissue healing [51]. According to research by
Zhou and colleagues, LLLT can increase the expression of
heat shock proteins 70 and 1 in injured tissues, which can
then increase the synthesis of growth factors like transform-
ing growth factor-beta and aid in wound healing [52].
Regarding the aspect of potential mechanism, it remains
unclear. However, the outcomes of the histopathologic analy-
sis show that ESWT can have both a direct and indirect impact.
ESWT might encourage collagen production [19], fibroblastic

growth, and angiogenesis by increasing cellular ATP production,
which then activates purinergic receptors and Erk1/2 signalling
[19, 22, 53]. EWST is therefore believed to have the ability to
accelerate the healing process. ESWT, on the other hand, may
act as a stimulant of microenvironment metabolism and a pro-
moter of dermal cell development, both of which are necessary
for ulcer healing. Additionally, ESWT might promote the produc-
tion of growth factors, such as fibroblast growth factor, transform-
ing growth factor, insulin-like growth factor-1, platelet-derived
growth factor, and vascular endothelial growth factor, which are
crucial for DFU wound healing [19, 54]. This would then encour-
age neovascularization of the tissue and enhance blood perfusion.

In terms of safety, electromechanical therapies are accept-
able as non-invasive adjuvant treatments. Electromechanical
treatments can have adverse effects during treatment, including
temporary skin reddening, mild discomfort, and tiny hemato-
mas. Rarely are serious adverse effects and consequences such as
bleeding, thrombosis, muscle injury, and wound infections. These
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show how superior, safety and tolerance of electromechanical
treatments are, as well as their potential to be a workable adju-
vant therapy for patients with DFU. Haze, Gavish [55] in a study
reported that no device-related adverse events were observed in
patients with DFU, and percent closure was significantly greater
in the active group compared to sham-treated controls.

Strengths and limitations

The thorough search for evidence, the criteria-based selec-
tion of pertinent material, the rigorous assessment of valid-
ity, the objective or quantitative summary, and the evidence-
based judgments are only a few of this systematic literature
review's qualities. The study has several restrictions. The
results may only be applicable to people with diabetes and
foot ulcers as this meta-analysis only included patients with
DFU. Cost-effectiveness was not investigated based on the
data available. The included studies' differences in demo-
graphic data, baseline ulcer features, and follow-up or treat-
ment periods might possibly have contributed to the hetero-
geneity observed in the meta- analysis.

Conclusion

According to the findings of the systematic review and meta-
analysis, electromechanical treatments are viable and secure
choices for individuals with DFUs. Electromechanical ther-
apy can considerably reduce treatment ineffectiveness, speed
up healing, and minimize the time it takes for DFUs to heal.
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tary material available at https://doi.org/10.1007/s40200-023-01240-2.
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