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Abstract
Background: Electrical stimulation (E-Stim) may offer a unique adjunctive treatment to heal complicated diabetic foot ulcers
(DFU). Our primary goal is to examine the effectiveness of daily home-based E-Stim therapy to speed-up wound healing.

Methods: Patients with chronic DFUs and mild to severe peripheral arterial disease (PAD) were recruited and randomized
to either control (CG) or intervention (IG) groups. The IG received |-hour home-based E-Stim therapy on daily basis for
4 weeks (4W). E-Stim was delivered through electrical pads placed above the ankle joint using a bio-electric stimulation
technology (BEST®) platform (Tennant Biomodulator® PRO). The CG was provided with an identical but non-functional
device for the same period. The primary outcome included wound area reduction at 4V from baseline (BL).

Results: Thirty-eight patients were recruited and 5 were removed due to non-compliance or infection, leaving 33 participants
(IG, n = 16; CG, n =17). At 4W, the IG showed a significant wound area reduction of 22% (BL: 7.4 + 8.5 cm? vs 4W-: 5.8
+ 8.0 cm?, P = 0.002). Average of wound area was unchanged in the CG (P = 0.982). The self-report adherence to daily
home-therapy was 93.9%.

Conclusions: Daily home-based E-Stim provides early results on the feasibility, acceptability, and effectiveness of E-Stim as
an adjunctive therapy to speed up wound healings in patients with chronic DFU and mild to severe PAD.
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Introduction interference in patients’ daily life would be ideal for per-
forming therapy.®
Representative barriers for E-Stim application include:

(1) Resource intensive. Administration should be supervised’

Electrical stimulation (E-Stim) may offer an effective adjunc-
tive treatment to accelerate wound healing, increase tissue
perfusion, and reduce the likelihood of infection in patients
with diabetes.! E-Stim is broadly utilized for different medi-

cal treatments,” including diabetic foot ulcers (DFU), yet it is
not routinely prescribed as adjunctive therapy for managing
wounds. Limited well-performed randomized control trials
(RCTs), additional to the absence of level one evidence, have
delayed determining application methodology to adopt
home-based E-Stim as part of the standard of care.’*
Consequently, controversy remains on the magnitude of effi-
cacy and the best applicable protocol.’> A non-invasive, por-
table, and cost-effective E-Stim device with minimal
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Figure |. Participants received E-Stim through electrode
adhesive pads placed above the level of the ankle in acupuncture
points of the affected foot using a bio-electric stimulation
technology® (BEST) microcurrent platform (Tennant
Biomodulator®). The E-Stim was active in the intervention group
and non-functional in the control group.

especially for compromising areas;®° (2) Electrode pads
location. E-Stim is often applied near wound beds® which
requires removing dressings'® and possibly increasing the
likelihood of infection by frequent/inappropriate dressing
manipulation.'!? (3) Inconvenience of daily commutes to
the clinic for E-Stim administration; thus, patients’ compli-
ance determines the efficacy of therapy.! Only one study pro-
vided the practical modality of E-Stim home-based therapy
for DFUs.!% (4) Lack of patient acceptability. Electrode
placement or electroshocking sensitivity may cause
discomfort.'?

To address these barriers, the present study proposes daily
home-based E-Stim adjunctive therapy through electrical
adhesive pads applied above the ankle joint to reduce com-
plications from dressing manipulation and further facilitating
treatment in a practical, comfortable manner.

Methods

A double-blinded randomized control trial of patients diag-
nosed with diabetes mellitus type 2 with chronic non-healing
wounds was performed. All participants were recruited from

the outpatient vascular and endovascular clinic at Baylor St.
Luke’s Medical Center (Houston, TX, USA) between March
2019 and March 2020. This study was approved by the local
Institutional Review Board (IRB) at Baylor College of
Medicine (Houston, TX). All participants read and signed the
IRB approved forms of informed consent before initiation of
any assessment or data collection. The protocol of the study
was registered in clinicaltrials.gov, Identifier: NCT03821675.
Inclusion criteria was age between 18 and 85 years old; clini-
cally confirmed with diabetes mellitus type 2; peripheral
neuropathy; one or more active chronic DFU (defined as a
wound failing to heal after 4 weeks); and willing to maintain
E-Stim application. Exclusion criteria was demand-type car-
diac pacemaker, implanted defibrillator, or any other
implanted electronic device; pregnant or actively lactating
women; end-stage renal disease; active wound infection;
active Charcot foot; non-ambulatory status; bilateral above
or below the knee amputation; active drug/alcohol abuse;
dementia or impaired cognitive function; excessive lymph-
edema; osteomyelitis and/or gangrene; unable to comply
with research appointments; wide spread malignancy; sys-
temically immuno-compromising disease; and history of any
undercurrent illnesses or conditions that could compromise
the safety of the subject according to judgment of a qualified
wound specialist.

The demographic and clinical characteristics were col-
lected via electronic medical records. All participants under-
went clinical assessments such as Falls Self-Efficacy Scale
(FES-I), Center for Epidemiologic Studies Depression (CES-
D) scale, Montreal Cognitive Assessment (MoCA), Trauma-
Self Frailty Index, and Pittsburgh Sleep Quality Index
(PSQI), and Pain Visual Analog Scale (VAS).!

Patients with DFUs were recruited and randomized (ratio:
1:1) to either control (CG) or intervention (IG) groups
through a computer-generated list followed by sequential
allocation concealment using sealed envelopes. Participants
and care providers were blinded to the group allocation. The
IG received E-Stim through electrode adhesive pads placed
above ankle level in acupuncture points (KI3, Taixi)!® of the
affected foot using a bio-electric stimulation technology
(BEST®) microcurrent platform (Tennant Biomodulator®,
Dallas, TX, USA, Figure 1) adjunctive to standard of care
(ie, topical mupirocin, calcium alginate, wet to dry dressing).
The CG was provided with an identical, non-functional
device (placebo) for the same period. E-Stim therapy was
administered at home daily for 1 hour for 4 weeks (4W).
Participants were monitored and clinically assessed on a
weekly basis during the study duration. Compliance was
determined by a questionnaire which records daily utiliza-
tion, time of application, and adverse events.

E-Stim therapy was delivered by an interactive high volt-
age pulsed alternative current (HVPAC) in the shape of an
asymmetrical damped sinusoidal waveform as described in
their products’ manual.'® The waveform's electrical charac-
teristics behave in relation to tissue response (ie, change in
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skin impedance) until the electrical conductivity stops chang-
ing (closed-loop E-Stim). Damping refers to the magnitude
of the sinusoidal waveform, which gradually reduces to zero
in order to form an asymmetrical biphasic pulsed current
allowing muscle relaxation and avoiding muscle fatigue dur-
ing therapy.'* All patients underwent E-Stim application with
a setting between 150 and 250 Volts. The intensity level has
been previously FDA-cleared to cause no harm to the patients
for transcutaneous electric nerve stimulation for pain
relief.!+!7

The primary outcomes were changes at 4W compared to
baseline (BL) in wound area and depth as well as the speed
of wound healing (defined as percentage change at 4W from
BL in wound volume and depth). These outcomes were
objectively assessed using a validated non-invasive 3D cam-
era (Silhouette®, Aranz Medical, Christchurch, NZ) that
detects length, width, depth, and percentage of weekly
wound area reduction by automatic tracing the wound perim-
eter. Another primary outcome was skin perfusion pressure
(SPP) at BL and 4W and changes in SPP at 4W compared to
BL (ASPP). SPP is defined as the minimum blood pressure
required for restoring capillary flow after applying controlled
occlusion.'® Prior studies demonstrated SPP as a strong pre-
dictor of wound healing particularly among those with limb
ischemia.!” To measure SPP, an FDA-approved Sensilase
Pad-IQ SPP device (CorVascular Diagnostics, LLC, MN,
USA) was used. Cuffs were placed around the proximal gas-
trocnemius in order to obtain low extremity SPP values at
each time point. The secondary outcome included BL and
4W tissue oxygen saturation (SatO2) and changes in SatO2
at 4W compared to BL (ASatO2). SatO2 is a parameter dem-
onstrated to be associated with wound outcomes particularly
among patients with chronic wounds.?® For SatO2, a vali-
dated non-invasive near-infrared (NIR) camera (Snapshot
NIR, KENT Imaging Inc., Calgary, AB, Can) that detects an
approximate value of SatO2 level in superficial tissue was
used by tracing the wound perimeter in real-time. To reduce
the bias of wound size and SatO2 measurements, all wounds
were traced in its internal border, leaving out skin layers
using an identical tracing technique for all subjects per
weekly follow-up visit. Another secondary outcome was
changes in plantar sensation at 2 weeks (2W) compared to
BL assessed by vibration perception threshold (VPT) using a
Horwell Neurothesiometer (Scientific Laboratory Supplies,
Nottingham, U.K.) placed on the heel of the injured foot.
Device acceptability was assessed using a technology accep-
tance model (TAM)?! questionnaire tailored for the purpose
of this study (Table 1).

The sample size was estimated based on our prior double-
blinded RCT in which effectiveness of plantar E-Stim was
examined in patients with diabetic neuropathy (n = 28).2? In
this study, there was a significant improvement with large
effect size (Cohen effect size, d = 0.99) among those with an
ankle brachial index (ABI) > 1.2. Because E-Stim has shown
to improve vascular health as means of wound healing and

neuropathy outcomes,'*+** we anticipated a similar effect in

our trial. By assuming a statistical power of 80%, alpha of
5%, and two-tailed t-test, the minimum sample size required
to observe change in primary outcomes is estimated to be 18
subjects per group. Assuming 10% dropout, we targeted to
recruit 40 eligible participants, but halted at 38 eligible sub-
jects in March 2020 due to the COVID-19 pandemic.

Continuous data were reported with mean = standard
deviation (SD). Categorical data were presented as count
(%). Shapiro-Wilk test was conducted to identify the normal
distribution of continuous variables. One-way ANOVA for
normally distributed variables or Mann-Whitney U test for
non-normally distributed variables was used to estimate dif-
ferences of mean between control and intervention groups.
y? test was used to determine significant level between the
groups for categorical variables. The effect size was mea-
sured using OR and 95% CI for categorical variables, and
Cohen’s d to discriminate the difference of primary and sec-
ondary outcomes between groups. Outcome changes were
assessed over time compared to BL within (ie, time effect)
and between (ie, timeXgroup effect) groups using linear
mixed model for normally distributed outcome and general-
ized estimating equations for non-normally distributed out-
come with adjustment for potential confounders. Least
significant difference method was used for multiple pairwise
comparisons. Pearson and Spearman correlation analysis
were performed to assess the relationship between wound or
demographics/clinical characteristics, and vascular out-
comes. The level of statistical significance was set at P <
.050. To detect changes in perfusion in individuals with
marked limb ischemia, a sub-analysis of patients with mod-
erate to severe peripheral arterial disease (PAD) (ABI < 0.8
or > 1.4 at BL)* was performed. To detect associated risk
comorbidities influencing wound healing in those healers
(defined as =50% of area reduction)® vs non healers under
E-stim, a sub-analysis in the IG was also performed. All
results were performed using IBM SPSS Statistics version
27 (IBM, Armonk, NY, USA) and MATLAB Version R2018b
(The MathWorks, Natick, MA, USA).

Results

The progress and study phases are illustrated in the Consort
Flow Diagram (Figure 2). Thirty-eight patients satisfied
inclusion and exclusion criteria, and 33 (IG, n = 16; CG, n =
17) completed all study milestones and were included for
data analysis. Demographics and clinical characteristics of
these participants are summarized in Table 2. Demographics
(age, BMI, and gender) and clinical characteristics (CKD,
PAD, WIfI stage, HbAlc, etc.) showed no significant corre-
lation with wound healing outcomes (P >0.05). In the IG,
there were no significant differences (P >0.05) for demo-
graphics and clinical characteristics between healers and
non-healers. Subsequently, 2 patients had their wound com-
pletely healed before study termination (early end-point);
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Table 1. Device Acceptability Survey Developed Based on Technology Acceptance Model to Evaluate Perceived Usefulness, Perceived

Ease of use, and Attitude Toward Using the E-Stim at Home.

# TAM ltem

Strongly Somewhat Somewhat Strongly
agree Agree agree Neutral disagree  Disagree  disagree
@ ©) (O] ) 3 @ U]

Perceived | felt less pain during the day
usefulness | felt less pain during the night
My foot felt less swollen

|
2
3
4 | feel my wound is healing faster by using the device
5 | would use the device again

6

Caused me physical pain

7 Perceived ease The pads were easy to put on and off

8 ofuse The device was easy to use
9 Attitude My doctor was happy with the results of my wound healing progress
10 toward using | would recommend to a friend

A Likert scale to score each response was utilized. Except for item #6, each answer was scored on a 7 to | scale, respectively; from strongly agree to strongly disagree. For

item #6 a similar score on reversed order was provided.

Enrollment Assessed for eligibility
(n=132)

Excluded (n=94)
| * Not meeting inclusion criteria (n=92)
+ Declined to participate (n=3)

‘ Randomized (n=38) ‘

l

Allocated to intervention (n= 19)

+ Received allocated intervention (n=18)

+ Did not receive allocated intervention
(developed infection after cc ing) (n=1)

Lost to follow-up (non-compliant) (n=1)
Discontinued intervention (n=1)
+ Developed pain (n=1)

Excluded from analysis (non-compliant,
developed infection or pain) (n=3)

l Allocation l
Allocated to control (n= 19)
Follow-Up
: :
Analysed (n=16) Analysed (n=17)

* Received allocated control (n=18)
« Did not received allocated control (developed
gangrene after consenting) (n=1)

Lost to follow-up (non-compliant) (n=1)
Discontinued intervention (n=0)

Excluded from analysis (non-compliant,
developed infection) (n=2)

Figure 2. Consort flow diagram.

however, 6 (37.5%) patients had wound relapse after the
study period in a mean time of 141.5 = 52.0 days. No deaths
or limb loss were reported during the study period.

Table 3 shows the comparison of primary and secondary
outcomes within and between groups. At 4W, the IG showed
a statistically significant wound area reduction (5.8 = 8.0
cm?, P = 0.002, d = 0.20) compared to BL (7.4 = 8.5 cm?).
The wound area in the CG did not significantly reduce
between the same time-point comparison (BL 3.1 * 5.6 cm?;
4W: 3.2 = 8.7 cm?, P = 0.928, d = 0.01). At 4W, the IG
showed a statistically significant wound depth reduction (1.8
* 1.4 mm, P = 0.020, d = 0.51) compared to BL (3.0 = 2.1

mm). The wound depth in the CG did not significantly reduce
between the same time-point comparison (BL: 3.2 = 2.4
mm; 4W: 3.3 £ 4.2mm, P=0.865, d=0.04). Moreover, the
speed of wound healing was faster in IG but not statistically
significant.

Figure 3 illustrates SatO2 for a typical case in IG at BL
and 4W. No group or time effect was observed for changes in
SatO2 or SPP in response to E-Stim therapy (Table 3).
However, in the IG, a significant time effect with large effect
size was observed for SatO2 among patients with moderate
to severe PAD (BL: 47.3 = 20.1% vs 4W: 63.3 £ 22.3%,
P=0.015, 4=0.83).
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Table 2. Overall Baseline Demographics and Clinical Characteristics in the 2 Groups.

Intervention group (n = 16) Control group (n = 17) P-value OR (95% Cl)

Demographics

Age (years) 65.1 = 13.8 614112 0.400 -

Male (no.) 10 (62.5%) Il (64.7%) 0.895 0.909 (0.220-3.758)

BMI (kg/m? 32592 29.2 * 48 0.194 -

Obesity (BMI = 30) 9 (56.3%) 7 (41.2%) 0.387 1.837 (0.461-7.312)
Clinical characteristics

DM type 2 16 (100%) 17 (100%) 1.000 -

HbAIC (% mmol/mol) 8020 8115 0.791 -

HbAIC >9 3/15 (20.0%) 4/17 (23.5%) 0.810 0.813 (0.150-4.404)
CKD <stage 5 (no.) 5(31.3%) 8 (47.1%) 0.353 0.511 (0.123-2.122)
DLP 7 (43.8%) 6 (35.3%) 0.619 1.426 (0.351-5.793)
CAD 5(31.3%) 5(29.4%) 0.909 1.091 (0.247-4.817)
CHF 4 (25.0%) 3 (17.6%) 0.606 1.556 (0.289-8.379)
Anemia 2 (12.5%) 6 (35.3%) 0.127 0.262 (0.044-1.560)
PAD 9 (56.3%) 9 (52.9%) 0.849 1.143 (0.290-4.507)
TSFI (score) 0.26 £ 0.13 0.24 = 0.11 0.678 -

Frail (no.) 5/13 (38.5%) 4/15 (26.7%) 0.505 1.719 (0.347-8.508)
Prev. minor amp 11 (68.8%) 13 (76.5%) 0.619 0.677 (0.145-3.159)
Prev. recanalization 7 (43.8%) 7 (41.2%) 0.881 1111 (0.279-4.423)

<180 days 5(31.3%) 4 (23.5%) 0.619 1.477 (0.317-6.895)

>180 days 2 (12.5%) 2 (11.8%) 0.948 1.071 (0.132-8.670)
Daily prescribed meds (no.) 981 £ 5.6 11.5+53 0.389 -
Wound characteristics
WIfl stage 0.509 -
Stage 3/4 2 (12.5) 1 (5.9)
Stage 1/2 14 (87.5) 16 (94.1)
Wound area (cm?) 74+85 3.1 =56 0.035 -
Wound depth (mm) 3021 3224 0.825 -
WBC (no.) 14/15 (93.3%) 15/17 (88.2%) 0.164 -

None 13/14 (92.9) 11715 (73.3%)

Rare-few 1/14 (7.1%) 4/15 (26.7%)

Mod-abund 0/14 (0%) 0/15 (0%)

Vascular & Neuropathic characteristics
SPP (mmHg) 71.0 £ 122 78.1 = 18.6 0.211 -
Tissue O2 (SatO2 %) 69.3 £21.3 73.1 £ 135 0.971 -
VPT (Volts) 25.6 £ 17.2 259 £ 178 0.975 -
Peripheral neuropathy, VPT>25 7115 (46.7%) 6/13 (46.2%) 0.978 1.021 (0.230-4.526)
Volts (no.)
ABI (ratio) 0.8 £ 0.3 0.9 £ 0.5 0.677 -
Moderate-severe PAD, ABI<0.8 6/12 (50%) 6/13 (46.2%) 0.848 1.167 (0.242-5.616)
or >1.40 (no.)
Patient self-report metrics
Concern for fall (FES-I score) 288 = I1.9 224 + 49 0.287 -
High concern, FES-1= 28, (no.) 5/14 (35.7%) 3/16 (18.8%) 0.295 2.407 (0.456-12.720)
Depression (CES-D score) 99 + 64 53 %55 0.048 -
Depressed, CES-D= 16 (no.) 3/15 (20.0%) 0/16 (0.0%) 0.060 -
Cognitive function (MoCA score) 232 + 44 247 + 43 0.302 -
Cognitive impaired, MoCA= 25,(no.) 11716 (73.3%) 8/17 (50%) 0.183 2.750 (0.610-12.407)
Sleep deprivation (PSQI score) 77 =54 86 £6.2 0.683 -
Clinical insomnia, PSQI>5 (no.) 9/15 (60%) 12/17 (70.5%) 0.755 1.250 (0.308-5.072)
Pain (VAS, score) 09 = 1.6 22 +32 0.428 -

Values are presented as meanzstandard deviation (SD) or n (%).

Abbreviations. DM, diabetes mellitus; HbAlc, glycated hemoglobin; CKD, chronic kidney disease; DLP, dyslipidemia; CAD, coronary artery disease; CHF, congestive
heart failure; PAD, peripheral artery disease; TSFl, trauma specific frailty index; Prev., previous; amp, amputation; WIfl: wound/ischemia/foot infection; SPP, skin perfusion
pressure; VPT: vibration perception threshold; ABI, ancle brakial index; WBC: white blood cell count obtained by wound culture; mod, moderate; abund, abundant; FES-I:
falls efficacy scale international, CES-D: center for epidemiologic studies depression; MoCA: montreal cognitive assessment; PSQI: pittsburgh sleep quality index; VAS:
pain visual analog scale.
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Table 3. Baseline and 4 Weeks Outcome Comparison Within and Between Both Groups.

IG (n = 16) CG(n=17)
Time effect Time effect Time XGroup effect
BL 4W P-value (effect size) BL 4w P-value (effect size) ~ P-value (effect size)
Primary outcomes
Wound
Wound area (cm?) 7485 5880 0.002 (0.20) 3.1 £56 32+87 0.928 (0.01) 0.098
Speed of wound healing (%) 35.1 = 36.6 NA 22.0 + 582 NA 0.423 (0.28)
Daily speed of wound healing (%) 1315 NA 08 =20 NA 0.440 (0.27)
Wound depth (mm) 3021 18+ 14 0.020 (0.51) 3224 3342 0.865 (0.04) 0.167
Speed of wound depth healing (%) 23.5 £ 52.5 NA 0.8 £792 NA 0.372 (0.34)
Daily speed of wound depth healing (%) 09 =20 NA 0.1 £26 NA 0.349 (0.36)
Vascular
SPP (mmHg) 71.0 £ 122 65.1 = 19.1 0.216 (0.48) 78.1 = 18.6 722 * 18.1 0.249 (0.24) 0.644
SPP subgroup mod./severe PAD (mmHg) 76.0 * 84 69.2 + 237 0.466 (0.47) 770 £ 23.6 673 £ 11.6 0.333 (0.44) 0.984
Secondary outcomes
Vascular
SatO2 (%) 69.3 £ 213 723 £ 215 0.547 (0.15) 73.1 £ 135 739 £ 12.1 0.810 (0.07) 0.731
SatO2 subgroup mod./severe PAD (%) 47.3 £20.1 63.3 =223 0.015 (0.83) 61.0 = 137 70.1 =99 0.087 (0.83) 0419
Neuropathic
VPT (Volts) 256 £72 20.2 = 14.0% 0.245 (0.16) 259 £ 178 32.1 £9.2% 0.110 (0.53) 0.049
VPT subgroup mod./severe PAD (Volts) 32.1 = 189 17.1 £ 10.4% 0.149 (0.39) 198 =214 31.7 = 16.5% 0.099 (0.37) 0.021

Values are presented as mean * standard deviation (SD) or n (%).
Abbreviations: NA: not applicable; SatO?2: tissue oxygen saturation; SPP: skin perfusion pressure; VPT: vibration perception threshold.
*Values of VPT were reported at week; Effect size values represent Cohen’s d effect size.
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Figure 3. Wound measurements and tissue oxygen saturation (SatO2) in a typical case from the intervention group. Panels A and B

represent the wound measurements by 3D Silhouette camera (green outline) at: (A) baseline (@BL); and (B) at 4 weeks (@4W). Panels
C and D represent tissue oxygen saturation (SatO2) assessed with near-infrared spectroscopy, where blue color represents the lowest
perfusion, and red color represents the highest perfusion: (C) wound SatO2 @BL; (D) wound SatO2 @4W.
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Figure 4. Significant linear relationship between wound and/or vascular parameters.

Dashed lines represent the linear regression fit to all participants’ data. Solid orange and green lines represent the linear regression fit to individual data
in the intervention (IG) and control (CG) groups, respectively. (A) At baseline (BL), overall patients who had lower skin perfusion pressure (SPP) showed
greater wound area. (B) Overall patients who had lower wound saturation of oxygen (SatO2) at BL showed greater gain than participants who had higher
SatO2 at BL. Additionally, patients who had lower SatO2 at BL in the IG (ie, orange line: slope = —2.5461) showed higher gain in SatO2 than those who
had higher SatO2 at BL in the CG (ie, green line: slope = —1.9730). (C) Subgroup of patients with moderate to severe PAD: Overall and |G patients who
had lower SatO2 at BL showed greater gain than those who had higher SatO2 at BL.

No significant correlation was observed between wound
outcomes (area) and vascular metrics (ie, SatO2, SPP),
except for BL SPP and wound area (IG: r=—0.44, P = 0.092;
CG:r = -0.35, P = 0.173; overall: r = —0.42, P = 0.015,
Figure 4A). On the other hand, BL SatO2 showed a signifi-
cant negative correlation with ASatO2 in both groups (IG:
=-0.58,P =0.019; CG: r=—-0.59, P = 0.017; overall: r =
—0.55, P = 0.001, Figure 4B). The sub-group of participants
with moderate to severe PAD followed the same pattern
except for the CG (IG: r = —0.90, P = 0.014; CG: r = —0.50,
P =0.253; overall: r = —0.67, P = 0.012, Figure 4C).

After 2 weeks of therapy, plantar VPT showed a signifi-
cant improvement in the IG compared to the CG (58.9%, IG:
20.2 £ 14.0 vs CG: 32.1 = 9.2 Volts, P = 0.049) as well as
for the moderate to severe PAD sub-group (91.2%, IG: 17.1
+10.4 vs CG: 32.7 = 16.5 Volts, P = 0.021).

Thirty-one (93.9%) patients self-reported to use E-Stim
daily for 1 hour. No functional device problem or related
adverse events (ie, skin redness, pain, rash or allergy) were
reported from either group. Overall, 81% (IG = 81.2%
[13/16]; CG = 82.3% [14/17]) of the patients completed the
TAM survey at 4W (Figure 5). Both groups highly graded the
perceived ease of use (above 90%) with slightly better scores
for the CG (IG = 91.8%; CG = 98.5%). Perceived useful-
ness and attitude toward using was 11% and 16.07% higher
in the IG compared to CG, respectively.

Discussion

E-Stim efficacy has been demonstrated in pre-clinical and
human studies during the past 30 years.?® Wide evidence sub-
stantiates E-Stim therapy for wound management,' and has
been accepted by multiple medical corporations and insur-
ances.”” However, the transition of this treatment to the

clinical setting is still impeded due to many methodological
limitations (ie, complex in-hospital use, intermittent applica-
tion, not applicable to covered wounds).!>?® We have
addressed these gaps by demonstrating the feasibility, accept-
ability, and efficacy of daily home-based E-Stim adjunctive
therapy placed above the ankle to accelerate wound healing
outcomes among people with DFU.

Wound healing has been previously associated with
increased tissue perfusion after E-Stim application,?-3! espe-
cially in patients with diabetes and PAD.3?33 In our prior
cross-sectional study,'* E-Stim revealed an immediate
increase of tissue perfusion parameters (ie, SPP and SatO2)
in response to one-hour therapy in DFU patients.'* In addi-
tion, the present RCT involving the same population showed
that among assessed demographics and clinical characteris-
tics, only SatO2, as surrogate of skin perfusion, was found to
be associated with wound healing outcomes at the end of the
study. Since perfusion is a key component for healing pro-
cesses, this mechanism may enhance the prevalence of epi-
thelialization.'? Therefore, we speculate that frequency of
therapy (ie, 1 hour daily) may have contributed to decrease
the wound size and depth in the targeted cohort. It is worth to
mention that both groups in our study showed significant
magnitude of improvement in SatO2 with time; however, the
patients under E-Stim showed a faster healing period with
higher gain of SatO2.

Even though immediate lower-extremity skin perfusion is
significantly increased by E-Stim in DFU patients,** in our
study, 4 weeks were not sufficient for the IG to achieve and
maintain significant SPP and SatO2 levels as compared to
the baseline. Similar randomized controlled trials have
shown that in order to reach significant skin oxygenation lev-
els, high dosages of lower-extremity E-Stim therapy (ie,
daily 3-8 hours, 10-12 weeks) may be required.'%3* Perhaps
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Figure 5. Average of 3 technology acceptance model (TAM) items including (A) perceived usefulness, (B) perceived ease of use, (C)
attitude toward using. TAM model suggests perceived usefulness is lower in CG leading to lower attitude of use compared to IG

other factors such as concomitant disease (ie, calcifications,
atherosclerosis)*® may impede permanent limb perfusion.’’
This effect was reflected in those patients (n = 6, 37.5%)
who showed a pattern of wound relapse between 2.6 and 7
months after the termination of our study. Therefore, therapy
dosage might be needed to adjust for vascular deficiencies,
or in worse cases, revascularization.’®

Another speculation is E-Stim may be more effective to
improve tissue perfusion depending on severity of disease.
This hypothesis is supported by the significant increase and
maintenance of SatO2 in the sub-group of patients with mod-
erate to severe PAD. In addition, only this sub-group showed
a significant gain and maintenance of SatO2 at 4 weeks of
therapy. Together, both findings suggest that E-Stim therapy
may be more effective among those with poorer lower-
extremity blood perfusion or poor tissue oxygen supply.
These hypotheses need to be validated in future studies.

Diverse modality of E-Stim waveforms (ie, biphasic,
monophasic, symmetrical, asymmetrical, etc.) and currents
(ie, high, low, direct, pulsed) have all proven to promote
healing when applied over wounds.’**’ However, contro-
versy exists in whether which modality is better for DFU.*:42
A recent meta-analysis of RCTs including E-Stim exclu-
sively for DFU management showed inconclusive results
due to the different therapeutic schedule between studies.*!
In addition, all studies applied E-Stim over/near the wounds;
a known limitation given the fact that this fashion has not
been well-established.*® The present study showed that
asymmetrical biphasic pulsed currents with placement of
electrical pads above the ankle improve wound healing and
magnitude of skin perfusion without the need of removing
any dressing from the lesion site. The patient comfort and
practicality under this treatment modality led to an overall
95.1% on self-perceived ease of use and a 92.05% on attitude
towards device use, supporting the feasibility and acceptabil-
ity of daily home-based therapy above the ankle level.

The improvement as means of pain, numbness, and
wound healing in DFU has been associated with neuropathic

changes while being exposed to electrical fields.** Studies
revealed VPT improvement with E-Stim use in patients with
diabetic neuropathy.***® Our study showed significant
improvement of VPT in the IG compared to the CG at 2
weeks from baseline specifically in patients with moderate to
severe PAD. This result suggests a benefit in prompt foot
sensation after being exposed to electrical fields, but requires
later follow up. Moreover, Schreuder et al.** concluded ves-
sel neurologic autoregulation dysfunctionality might be a
factor for failed revascularizations in patients with DFUs and
history of PAD. In our cohort, 7 (43.8%) patients with his-
tory of PAD in the IG were revascularized before E-stim
treatment. This sub-group improved in VPT at 2W from BL
compared to the CG with a further 33.2% wound reduction
suggesting E-Stim plays an important role in nerve function
of patients with PAD and failed revascularization.

Conclusion

This study demonstrates feasibility, acceptability, and proof of
concept effectiveness of daily home-based of E-Stim adjunc-
tive therapy delivered above the ankle level to improve wound
outcomes in patients with chronic DFU. No related adverse
events were reported indicating safety of this adjunctive ther-
apy. Additionally, our results revealed a positive contribution
of E-Stim to improve tissue oxygen saturation in patients with
moderate to severe PAD. Furthermore, results support
improvement in plantar sensation in response to E-Stim at 2W.
The observation of this study may not be generalizable and
should be confirmed in a larger sample size, over longer period
of time, and controlling for all potential confounders.

Limitations

The main limitation of this study is small sample size. The
initial enrollment plan consisted of 40 subjects based on priori
sample size estimation. Due to the declaration of pandemic in
March 2020, the recruitment had to stop at 38 subjects. There
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were 5 dropouts (13%), which is slightly higher than the 10%
anticipated in priori estimation. The initial sample size estima-
tion was based on a different study design and thus may be
underpowered for the outcomes of this study. Furthermore,
while no difference between the groups was observed for
major BL potential confounders (ie, age, gender, BMI, HbAlc,
vascular parameters), the BL wound area was different
between groups. Our exploratory analysis however showed no
significant correlation between baseline wound size and
wound healing outcomes in either group. Thus, we speculate
that the between-group difference in baseline wound size had
minimum impact in our analysis. Frequency and duration of
therapy was self-reported on weekly basis, which may not be
accurate. A device log on reporting the duration of use is rec-
ommended as an objective solution to control adherence to
therapy. Whereas the duration of therapy in this study was lim-
ited to 4W, 75% of IG did not reach to full wound closure
within the time frame. Another study is warrant to examine
long-term use of E-Stim until complete healing.
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