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Abbreviations
and Acronyms

CT=conservative treatment
DB =double blind

DFU =diabetic foot ulcer
ES=electrical stimulation

HVPC =high-voltage pulsed
current

NaCL-sodium chloride
PlacC = placebo controlled
pps=pulses per second
PU =pressure ulcer

RCT=randomized controlled
trial

SB=single blind
SWC =standard wound care

VEGF=vascular endothelial
growth factor

VLU =venous leg ulcer
VS =venous surgery
WSA=wound surface area
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Significance: A range of studies point to the efficacy of electrical stimulation
(ES) in wound treatment, but the methodology of its application has not been
determined to date. This article provides a critical review of the results of
clinical trials published by researchers using high-voltage pulsed current
(HVPC) to treat chronic wounds. In describing the methodology of the trials,
the article gives special attention to electric stimulus parameters, the fre-
quency of procedures and total treatment duration.

Recent Advances: HVPC is a monophasic pulsed electric current that consists
of double-peaked impulses (5—-200 us), at very high peak-current amplitude (2—
2.5A), and high voltage (up to 500V), at a frequency of 1-125 pulses per sec-
ond. HVPC can activate “skin battery” and cellular galvanotaxis, and improves
blood flow and capillary density.

Critical Issues: HVPC efficacy was evaluated in conservatively treated patients
with diabetic foot, venous leg and pressure ulcers (PUs), and in some patients
with surgically treated venous insufficiency.

Future Directions: The efficacy of HVPC as one of several biophysical energies
promoting venous leg ulcer (VLU) and PU healing has been confirmed. Addi-
tional studies are needed to investigate its effect on the healing of other types
of soft tissue defects. Other areas that require more research include the
identification of the therapeutic effect of HVPC on infected wounds, the de-
termination of the efficacy of cathodal versus anodal stimulation, and the
minimal daily/weekly duration of HVPC required to ensure optimal promotion
of wound healing.

SCOPE AND SIGNIFICANCE

A RANGE OF STUDIES point to the
efficacy of ES in wound treatment,
but its methodology has not been
determined to date. This article

of procedures, and total treatment
duration.

TRANSLATIONAL RELEVANCE
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provides a critical review of the re-
sults of clinical trials published by
researchers using high-voltage
pulsed current (HVPC) to treat
chronic wounds. In describing the
methodology of the trials, the article
gives special attention to electric
stimulus parameters, the frequency
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Healthy epidermis has a negative
charge (-23.4mV) as opposed to
the dermis that is electropositive.’
This difference between charges
causes a flow of a natural mono-
phasic electric current that osten-
sibly stimulates wound healing. An
exogenous current applied to the
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wound surface is believed to further enhance
healing processes.?® Another mechanism that
may promote wound healing is cellular electro-
taxis®® of macrophages,*® neutrophils,*® and
fibroblasts”'° to the wound. Electrical stimula-
tion (ES) activates the production of ATP and
DNA,*!! makes fibroblasts generate more colla-
gen,”%13 and increases blood flow and capillary
density. 16

CLINICAL RELEVANCE

The treatment of chronic wounds takes time
and involves the application of various therapies. If
the wound fails to respond to standard care, vari-
ous physical therapeutic energies are available
for treatment. Gudelines'” on pressure ulcer (PU)
treatment give a special role to ES, recommending
it for the management of recalcitrant Stage II-IV
PUs. However, a wider use of ES in wound treat-
ment may be hampered by the lack of studies
precisely defining the type of therapeutic elec-
tric current to be used, its pulse parameters, elec-
trode polarity, and the duration and frequency of
treatments.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

This article critically reviews the results of
clinical trials whose authors used HVPC to treat
chronic wounds. The relevant studies were identi-
fied using a computer-based literature search of
the following databases: EBSCOhost, MEDLINE,
Academic Search Complete, and Health Source:
Nursing/Academic Edition. There was no restric-
tion because of language of the article; the only
requirement was that the publication had an ab-
stract in English. The main keywords used for se-
lection purposes were wound healing, PU, leg
ulcer, venous ulcer, diabetic foot, chronic wound,
chronic ulcer, ES, high-voltage stimulation, and
HVPC. In all cases, the analysis was made based on
full articles.

In the review, randomized controlled trials
(RCT) or clinical trials involving human subjects
were considered. Eleven clinical trials'®2® pub-
lished between 1988 and 2012 were accepted for
analysis, including 10 RCTs'®1921-28 and one ca-
suistic case study®’ selected for its extremely high
rate of ulcer healing. HVPC efficacy was evaluated
in conservatively treated patients with pres-
sure, 8192728 chronic leg?® 222426 and diabetic
foot®® ulcers, and in some patients with surgically
treated venous insufficiency.?>?%

In describing the methodology of the trials, the
electric stimulus parameters, the frequency of
procedures, and the total treatment times will be
presented first, and then the risk of bias in the re-
viewed studies will be assessed. The authors of al-
most all analyzed trials'®'%?1-28 designed them with
control groups that received standard wound care
(SWC) alone??22-2 o SWC plus sham
HVP(C,1819.23.24

The experimental groups were treated with
single 45—-60 min sessions of active HVPC in a 24-h
period. During the other 23 h of the research pro-
tocol, the investigators were ethically bound to
provide treatment to the wound. Although the
treatment was not always described in the pub-
lished HVPC studies, it was almost always SWC
selected to match the type of the wound and in-
cludes debridement and dressings to maintain a
moist wound environment. SWC measures applied
to PUs also include a pressure-reducing or reliev-
ing bed and/or a wheelchair, and patient turning/
repositioning at 2-h intervals. Venous leg ulcers
(VLUs) are treated with compression therapy and
diabetic foot ulcers (DFU) may be treated with
offloading casts or boots.

Kloth and Feedar'® (1988) in their controlled
study randomly assigned 16 patients with stage IV
dermal ulcers to an experimental group (active
HVPC; nine subjects) and a control group (sham
HVPC,; seven subjects). A person not involved in
the study tossed a coin to assign patients to the ES
or control groups. Both groups received 23h of
SWC per day. In addition, 45 min of HVPC was
delivered 5 days per week directly into the 9
wounds of the experimental group at 105 pulses per
second (pps) and the current amplitude set to just
below that which produced a visible muscle con-
traction. ES always started with anodal stimula-
tion directly to the wound; in five patients, it was
continued for the whole period of treatment. Four
patients in the experimental group reached an
initial healing plateau; the cathode was then
moved over the wound. When the same patients
reached a second healing plateau, electrode polar-
ity on the wound was alternated daily. Seven pa-
tients in the control group received 45 min of sham
HVPC plus SWC. The wounds of patients in the
treatment group healed completely in a mean of 7.3
weeks at a rate of 45% per week. In the control
group wound size increased a mean of 29% during
a mean period of 7.4 weeks.

Treatment results that the authors'® observed
in the control group are also interesting. In three
patients that initially received SWC, wound area
increased by 1.2 percent over 8.7 weeks. After they
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were transferred to the treatment crossover group,
their wounds healed at an average rate of 38%
per week, closing completely in an average of
8.3 weeks.

Kloth and Feedar'® always placed the anode
cephalad closer to the neuraxis than the cathode to
amplify the injury potential, as suggested by Becker
(as quoted in Kloth and Feedar!'®). The authors of
the other studies did not adhere to this rule.

In a second randomized, controlled study, Griffin
et al.'® (1991) assessed HVPC efficacy for healing
stage I, II1, or IV PUs in male patients with spinal
cord injury. Of 17 patients with PU in the pelvic
region, 8 were randomly assigned to the HVPC
group and 9 to the control group (sham HVPC). All
wounds were daily treated with SWC. In addition,
the HVPC group received ES for 60min on 20
consecutive days, with the cathode applied to de-
liver current directly into the wound. The stimu-
lator was set to deliver 100 pps and 200V, which
produced 500 uC/s at the treatment electrode. Ul-
cer surface area was measured before and during
ES treatment on days 5, 10, 15, and 20. Percentage
of change from pretreatment ulcer size was calcu-
lated for each measurement interval.

After only 5 days of treatment, ulcers in the
HVPC group had significantly greater mean wound
area reductions compared with their pretreatment
size than ulcers in the control group (p=0.03).
Subsequently, in the next days, PUs treated with
ES continued to heal faster than in the placebo
group (p=0.05 on days 15 and 20). Griffin et al.'®
established that after 20 days of applying HVPC to
8 patients (initial mean wound size of 2.34 cm?)
their wounds healed 80% compared with an aver-
age of 52% in the placebo group (p=0.05).

A drawback of the Kloth and Feedar'® and Griffin
et al.'® studies was that their samples of subjects
were relatively small (respectively 9 and 8 in their
treatment groups and 7 and 9 in the control groups).

Polak and Franek®® (1999) have described a case
of a particularly fast healing VLU treated with
HVPC. An 85-year-old woman was admitted to the
hospital on November 10, 1997 to be treated for an
ulcer that had developed in 1995 and kept in-
creasing in size, despite the application of various
therapies. The patient was administered HVPC
(double-peak, monophasic impulses; 100 us;
100 pps; 100V) 50min a day, six times a week.
Treatment continued for 14 weeks during which a
total of 92 procedures were provided. The first 12
procedures utilized cathodal stimulation, which
was replaced by anodal stimulation until treat-
ment ended on February 2, 1998. The baseline
wound surface area (WSA) was 166.4cm?. HVPC

helped reduce it to 4 cm®. The mean rate of decrease
was 11.6 cm? a week. The decrease was the fastest
in the first 7 weeks, its average rate being 17.1 cm?
a week. Over the next 7 weeks, the rate declined to
6.1 cm? a week, which was still a good result. In the
period of treatment, only physiological saline
dressings were additionally applied to prevent
desiccation between ES sessions.

In two studies conducted in 2000, Polak et al.
and Franek et al.?? evaluated HVPC for its healing
effect on chronic VLUs and found it to be very
promising.

The first study®! involved two groups of a total
of 44 patients with VLUs, of whom 22 received
HVPC and the remaining 22 served as the con-
trol group that received SWC. Although 7 weeks
of therapy produced positive results in both
groups, the surface area of wounds in the HVPC
group decreased significantly more than in the
control group—the respective rates were 73.4%
and 46.9% (p<0.05).

In the second investigation,?? three groups to-
taling 79 patients were studied. One group had 33
patients that received HVPC (the HVPC group)
and the second had 32 patients treated with SWC
(the SWC group). Fourteen patients in the SWC
group were treated with Unna’s Boot (the Unna’s
Boot-group). The referring physician alternated
referrals to each hospital as patients came, so their
assignment to one or the other ward (i.e., to the ES
or control group) was largely random.

In both studies,??? patients in HVPC and SWC
groups received compression therapy involving two
layers of short-stretch bandages and SWC. The
Unna’s Boot patients®® were treated on an outpa-
tient basis, with the Unna’s boot usually replaced
once a week.

The average periods of treatment were 7, 6, and
5.5 weeks in the HVPC, SWC, and the Unna’s Boot
groups, respectively. In all three groups wound
size significantly decreased against the baseline
(p<0.001). Although the weekly wound area
change was the greatest in the HVPC group, the
groups were relatively similar in that respect. The
granulation areas compared before and after
treatment were not statistically significantly dif-
ferent; however, differences were noted after 2
weeks of treatment—the amount of granulation
tissue in the HVPC group was statistically greater
than in the other groups (p <0.003). In this group,
granulation tissue accounted for 84.9% of wound
surface (563.9% in the SWC group and 63.7% in the
Unna’s Boot group), a likely indication of cathodal
stimulation having a positive effect on the growth
of granulation tissue.
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The authors of both studies®"?? used the same
stimulus parameters to apply ES. HVPC (100 us,
100 pps, 100V, 50 min, 6 days in a week) delivered
to wounds only induced a comfortable sub-motor
sensory perception by the patient. Each session
started with cathodal stimulation, which contin-
ued for 1-3 weeks until granulation tissue was
observed. Then polarity was changed to positive for
the remaining time of treatment.

In a double-blind, placebo-controlled, 12-week
trial Peters et al.?® (2001) studied the effect of
HVPC as an adjunct to healing DFUs in 40 patients
randomized to active HVPC (20 patients) and sham
HVPC (20 patients) groups. Placebo and ES devices
were randomly distributed among the study pa-
tients by the investigators who were unaware of
which device was a placebo and which was a “live”
device. The manufacturer of the devices was not
informed on what devices the particular patients
were given. Each device had a unique identification
number; the manufacturer of the devices revealed
their status (whether placebo or ES) only after they
were collected from all patients. This made it pos-
sible for the investigators to match the identifica-
tion numbers with the corresponding devices and
to start analyzing the data. After 12 weeks, 65% of
wounds closed in the active HVPC group compared
with 35% in the sham HVPC group (p=0.058).
After stratification by compliance, a significant
difference was found between the compliant pa-
tients (71% of wounds closed) and the non-
compliant patients (50% of wounds closed) in the
treatment group. In the placebo group, 39% of
wounds closed in the compliant patients compared
with 29% in the noncompliant patient wounds
(p=0.038).

The stimulus parameters that Peters et a
applied differed from the studies previously de-
scribed. Active and sub-sensory HVPC (50 V, pulse
duration of 100 us) was delivered via a Dacron-
mesh silver nylon stocking worn nightly for 8 h. An
8-h cycle consisted of 20min on (first 80 pps and
then 8 pps, each for 10 min) and 40 min off. ES was
applied 160 min a day, 7 days a week, for a total of
18.7 h per week. Differences in the healing rates of
DFU of the compliant and noncompliant HVCP
patients observed by the authors?® showed that ES
of duration shorter than 18.7h per week was
therapeutically less effective.

In another randomized, double-blind prospec-
tive clinical trial Houghton et al.?* (2003) treated
27 patients with 42 chronic leg ulcers of various
etiologies (diabetic, arterial, venous, and mixed).
The subjects were randomly assigned to group A or
B. Both groups were identically treated with HVPC

l.23

ES devices marked either “A” or “B,” as appropri-
ate. The equipment used on the subjects who re-
ceived the sham treatment had been deactivated by
the manufacturer in an inconspicuous manner, so
that neither the subjects nor the researchers were
aware which group of subjects had received real or
sham treatment. Fourteen patients received SWC
in tandem with active HVPC (100 us, 100 pps,
150V), while the other 13 received SWC and sham
HVPC. Active (negative) or sham electrodes were
applied to all wounds. Because 45-min sessions
were held once a day 3 times a week, the total
treatment time was only 2.25 h per week.

Interestingly, ES outcomes in the Houghton
et al.?* study were positive despite the short time of
its application. By the 4th week WSA in the HVPC
group decreased by 44.3% compared with only 16%
in the control group (p <0.05). The limitation of the
Houghton et al.?* study was that the ulcers they
treated were of different origin—diabetic (2), ar-
terial (2), venous (7), and mixed (3).

In two other prospective, randomized, controlled
trials Franek et al.?>2% (2005, 2006) reported that
even though HVPC (100 us; 100V; 100 pps) was
efficacious in the conservative treatment (CT) of
chronic VLUs, it failed to accelerate the healing of
ulcers in patients after venous surgery (VS).

The first study®® involved 60 patients after VS
conducted with the modified Babcock’s?* ! meth-
od. Postsurgery patients were randomly divided
into an HVPC group and control group of 30 sub-
jects each. Patients in both groups received SWC
that included, leg compression therapy with com-
pression stockings that exerted 30 mmHg pressure
at the ankles, local wet dressings of 0.9% NaCl and
drug treatment consisting of two tablets of 450 mg
diosmin and 50mg hesperidin daily (Diosmin
strengthens blood vessel walls and normalizes
vascular permeability; Hesperidin has an anti-
inflammatory effect, increases the strength and
elasticity of vascular walls, and decreases vascular
permeability). The experimental group also re-
ceived HVPC (100 us; 100V; 100 pps).

The two groups had statistically significant dif-
ferences only in the growth of granulation tissue.
Granulation tissue growth was greater in the
HVPC group both after 2 weeks of treatment
(p=0.0002) and at the end of treatment
(p=0.0006) than in the control group. Wound sizes
decreased in both groups but the differences were
not statistically significant. The authors concluded
that HVPC did not expedite the healing of VLLUs in
postsurgical patients.?%

In the second study, Franek et a compared
the effects of treatment of 110 patients with VLUs

1'26
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divided into four comparable groups. Fifty-five
patients divided into two groups had undergone VS
with the modified Babcock’s?*! method. One
group (27 patients) received only SWC (the VS
group) and the other group (28 patients) received
SWC plus HVPC (the VS+HVPC group). Patients
in the other two groups were treated conserva-
tively. One group (27 patients) received only SWC
(the CT group) and the other group (28 patients)
was treated with SWC combined with HVPC (the
CT+HVPC group). SWC administered to all four
comparable groups was the same as in the afore-
mentioned study.?® VS+HVPC and CT+HVPC
groups had ES daily (100V; 100 us; 100 pps) for
50 min, six times a week.

The study?® confirmed the earlier results.?® Al-
though treatment was effective in all studied
groups, HVPC produced better results only in the
conservatively treated patients. The rate of healed
ulcers in the CT+HVPC group was statistically
greater than in the CT group (21.42% versus
7.40%; p=0.03). Percentage of healed ulcers in the
VS+HVPC group (21.4%) was not statistically
greater than VS+SWC group (25.92%; p >0.05).

HVPC effect on granulation tissue growth was
confirmed again. After the first 2 weeks of cathodal
stimulation the amount of granulation tissue in the
CT+HVPC group was statistically greater than in
the CT and VS groups (p=0.01 and p=0.001, re-
spectively), and in the VS+HVPC group compared
with the CT and VS groups (p=0.01 and p=0.01).
This tendency continued after treatment (p =0.01in
all cases). In the CT+ HVPC and VS+HVPC groups,
the amounts of granulation tissue were similar.2®

Franek et al.?>%¢ contend that a well-performed
surgery can lead to wound closure, without the
healing process having to be enhanced by HVPC.
However, in conservatively treated patients HVPC
accelerates granulation and re-epithelialization of
wounds, thereby reducing total WSA and volume.

Two recent studies point to the efficacy of HVPC
applied to treat stage II-IV PUs.2"28

Houghton et al.?” (2010) conducted a single-
blind, parallel-group, randomized, controlled clin-
ical trial with 34 patients whose stage II-IV PUs
developed after spinal cord injuries. All patients
received SWC and 16 were additionally treated
with active HVPC in a community setting. The el-
igible subjects were assigned to receive either SWC
or HVPC + SWC using a concealed, random process
that involved the opening of an opaque envelope
with a random number prepared by an indepen-
dent person.

In a treatment period of 12 weeks, all stage 11
PUs closed in both the HVPC group and the control

group. In the HVPC group, 33.3% of stage III-IV
PUs closed compared with 7.1% in the control
group (p=0.550). In the HVPC group, 80% of PUs
decreased in surface area by at least 50%. This
result was significantly better than in the control
group, where the wound area reduction was 36%
(p=0.02). The average percentage decrease in
WSA at treatment end was significantly greater in
the HVPC group (70.0%) than in the control group
(36%; p=0.048).

A major achievement of this study was proving
that ES could be effectively delivered in the com-
munity, or at home, without a direct oversight by
healthcare providers. HVPC (50 us; 50-150V) was
applied about 5.3 h a day (typically overnight). The
stimulator device was programmed to provide
20 min at a pulse frequency of 100 pps followed by
20 min at 10 pps and then 20 min off cycle for 8h
each day for a period of at least 3 months (a total of
443 h of stimulation time), or until the ulcer closed.
The current intensity was set below the level of
muscle contraction. The polarity of the treatment
electrode was initially negative and then alter-
nated weekly.

One drawback of the Houghton et al.?” study was
the inconsistent application of the therapeutic
protocol. Three patients used the ES device for a
total average of 67h over 3 months (which was
much shorter than the intended 443 h).

The other randomized, controlled clinical study
was carried out by Franek et al.2® (2012) with fifty
patients with stage II-III PUs located on the lower
extremities. The patients were randomly divided
into two comparative groups. Measures to prevent
the development of new PUs were taken on all
patients. All wounds received SWC to promote
moist wound healing. In one group, HVPC
(100 pps; 100 us; 100 V) was additionally applied for
50min a day, 5 days a week (the HVPC group).
Cathodal stimulation applied for the first 1-2
weeks was replaced by anodal stimulation for the
remainder of the treatment period.

After 6 weeks wound areas decreased signifi-
cantly in both groups (p=0.000008 in the HVPC
group and p=0.0009 in the control group). Granu-
lation tissue grew against the baseline in both
groups, but the difference was statistically signifi-
cant only in the HVPC group (p=0.0006 in the
HVPC group and p=0.845 in the control group).

A mean decrease in surface wound area was
88.9% in the HVPC group and 44.4% in the control
group (p=0.00003). The healing rate was greater
in the HVPC group after 2 weeks of treatment and
did not change until the end of treatment
(p=0.0008).
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INNOVATION

The ES literature extensively covers HVPC.
Studies are sufficiently numerous to attempt a
summary of how HVPC influences wound healing
and to propose some practical solutions for its ap-
plication. The methodologies and the results of the
reviewed studies are summarized in Tables 1 and 2.

HVPC performs well in the CT of various types of
chronic wounds, such as stage II-IV PUs, venous
ulcers, and DFU.

However, for clinical efficacy of HVPC ES in
treating chronic wounds to be fully determined, the
assessment of risk of bias in the included studies
must be performed.

Effects of treatment

Stage II, I1I, and IV PUs treated with HVPC de-
creased in the analyzed studies by an average of 66—
88.9% after 3—12 weeks (their initial sizes ranged
from 2.34 to 4.54 cm?).1%2"?® Kloth and Feedar'®
even found that stage IV PUs averaging 4.08 cm?
when therapy commenced closed after 7.3 weeks.

HVPC applied to chronic leg ulcers produced
similar results. After 3—-7 weeks, ulcers that ini-
tially ranged in area from 6.39 to 22.7 cm? closed in
44.3-73.4% 21222426

HVPC promotes wound healing in the early
stages of treatment.'®?® HPVC applied by Griffin'®
for 5 days contributed to a significantly greater rate
of PU healing in the HVPC group (p=0.03). The
authors of another study®® on PUs found after 2
weeks that in the HVPC group wounds advanced
toward closure more than control wounds
(p=0.0008).

Electrical stimulus parameters

All reviewed studies'®?® used HVPC with
monophasic double-peaked pulses. The pulse du-
ration was set at 100 us,'®2°2628 excluding one
study where it was 50 us.2” Voltage always ranged
from 50 to 200 V. The stimulation intensity was at a
sensory level to prevent the occurrence of motor
reactions.

In most studies, HVPC frequency ranged be-
tween 100 and 105 pps.!82224-26.28 However, Pe-
ters et al.?® used 80pps for the first 10 min of
stimulation and then 8pps for the next 10 min.
Houghton?’ chose 100 pps for the first 20 min and
10pps for the remaining 20min to stimulate
wounds.

Treatment duration

The review of clinical research studies showed
that HVPC applied for only 2.25h a week (45 min/
day, 3 days in a week)?* effectively promotes wound

healing. However, a typical treatment time is 45—
60 min/day, 5 to 7 days a week, yielding a total of
3.75-7h of treatment in a week,82225.26,:28

In two studies,?®?’ the total weekly time of
HPVC was 18.7 and 37.1 h a week; these treatment
times were therapeutically effective without ex-
posing the patients to any side effects.

Electrode placement
In all studies the treatment electrode was placed
on the wound'®2® with return electrode on healthy

skin at least 15-20cm from the treatment elec-
trode, 18-22,24-28

Polarity of the wound treatment electrode

The polarity of the treatment electrode differed
between studies, but most researchers first used
the negative electrode to stimulate the wound
surface 19-22,24-28

In Franek??2526:28 and Polak et al.2%?! studies,
the cathode was the treatment electrode for the
first 1-3 weeks and the stimulation time was co-
ordinated with the growth of granulation tissue.
Then the cathode was replaced by the anode for the
remainder of treatment.

In Houghton’s study,?” wounds were stimulated
by the cathode in the 1st week and then polarity
was reversed weekly over the next 11 weeks of
treatment.

Griffin'® and Houghton?®* used the cathode for
the whole period of treatment to stimulate wounds.
Kloth and Feedar'® stimulated wounds with the
anode, switching polarity to negative only if heal-
ing progress was not observed.

It is difficult today to provide clear guidelines on
how anode and cathode should be used to treat
wounds in humans. However, the results of in vitro
and in vivo studies suggest that both the electrodes
promote wound healing, and that the type of the
treatment electrode should correspond to the
wound healing stage.

The authors of in vitro studies have established
that the anode facilitates electrotaxis of macro-
phages*® and neutrophils® for autolysis and re-
activation of the inflammatory phase of healing.??
The efficacy of anodal stimulation in the early
stages of wound healing has also been confirmed by
recent in vivo studies with animals.'#3%33

Mehmandoust et al.32 (2007) investigated the
effects of anodal and cathodal ES on acute wound
healing. In an RCT 42 male albino guinea pigs were
divided into two control groups (C1 and C2) and
four experimental groups (E1-E4). A linear inci-
sion was made at the dorsal skin of all guinea pigs.
A unidirectional pulse current of 300 to 600 uA,
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Table 1. Methods of HVPC electrical stimulations used in controlled randomized studies

Kloth and Feedar™® Griffin et al.”

/ 22 / 23

Polak et al?’ Franek et a Peters et a

Type of wound Pressure ulcers (IV stage)

Total number 16 17 (only males)
of patients
Number of groups 1 group 1 group
receiving ES
Number of patients 9 patients 8 patients
in the ES group(s)
Average patient age 71 years 32.5 years
in the ES group(s)
Treatment in the HVPC HVPC
ES group(s)
Treatment in the control ~ Sham HVPC Sham HVPC
group(s)
Characteristics of current  100-175V; 100 us; 105pps; 200V; 100 pps; 500 uC/s;
342 uC/s;
Arrangement Active on the PU; passive  Active on the PU; passive

of the electrodes located proximally 15¢m

from the PU

Polarity of the active Positive (polarity reversed ~ Negative
electrode if healing progress not
observed)
Duration of the 45min 60 min
procedure
Frequency of Once a day, 5 days a week Once a day, 7 days a week
procedures
Period of treatment 7.3 weeks 20 successive days
Number of hours 3.75h/a week 7h/a week
per week
Total ES time 27.4h 20h

Pressure ulcers (II-IV stage)

located distally from the PU

Venous leg ulcers Venous leg ulcers Diabetic foot ulcers

42 79 40

1 group 1 group 1 group
22 patients 33 patients 20 patients
67 years 68.1 years 54.4 years

HVPC + wet dressings HVPC + wet dressings HVPC +SWC

SWC SWC
Unna’s boot

Sham HVPC+SWC
100V; 100 ws; 100 pps 50V; 100 ws; 80 pps
per 10min followed
by 10 min of 8 pps
Dacron-mesh silver nylon
stocking on foot

Active on the wound and passive above the knee

Negative 1-3 weeks then positive n/a

50 min 20 min

Once a day, 6 days a week 8 times a day

7 days a week

7 weeks 12 weeks or until healing,
whichever occurred first

5h/a week 18.7 h/a week

35h 224h

HVPC, high-voltage pulsed current; ES, electrical stimulation; SWC, standard wound care; pps, pulses per second; VS, venous surgery; PU, pressure ulcer.

80 pps, and 0.3ms pulse duration was adminis-
trated for 1h a day, for 14 or 21 days depending on
the group. In groups E1 and E2, positive polarity
was applied for the first 3 days and then negative
polarity for the remaining days. In groups E2 and
E4, negative polarity was applied for the first 3
days and positive polarity for the rest of treatment.
Groups E1, E2, and C1 were killed on day 14 and
E3, E4, and C2 on day 21. The authors measured
the percentage decrease in WSA (daily tracing) and
tensile strength (on days 14 and 21). According to
the results, both anodal and cathodal stimulation
increased the rate of wound closure. Beginning
with day 12, the percentage decrease in wound
surface was found to significantly differ between all
treatments groups and control groups (p<0.05),
but the ultimate tensile strength and stress in-
creased only in the anodal group compared with
the cathodal and control groups. At the end of day
14, the ultimate tensile stress in E1 was signifi-
cantly greater in relation to C1 (p <0.05). The au-
thors have concluded that regardless of the polarity
ES can significantly decrease WSA and make
wounds close faster, but anodal stimulation ap-
plied for the first 3 days and then replaced with

cathodal stimulation for the rest of treatment may
lead to stronger repaired tissue.

Talebi et al.?® (2008) studied the effect of anodal
and cathodal ES on injury potential and wound size
in guinea pigs. Injury potential may have a regu-
latory role in the wound healing process and ex-
ogenous ES may mimic natural bioelectric current
that may improve wound healing. Thirty-nine male
guinea pigs were randomly divided into a control
group (sham treatment) and two experimental
groups of which one received anodal and the other
cathodal direct current (600 nA; 1h/day; thrice a
week for 3 weeks). A 2.5 cm-long full-thickness skin
incision was made on each animal’s dorsal region.
The authors measured the differential skin surface
potential of the wound site relative to the adjacent
intact skin at a distance of 2 cm before and imme-
diately after the injury and once a day throughout
the healing period (21 days). WSA was also
measured throughout the 21-day healing period.
Immediately after injury, injury potential signifi-
cantly increased in all three groups, reaching a
maximum on day 1 for the control and cathodal
groups, and on day 3 for the anodal group
(p<0.05), and then decreasing through the healing
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Table 1. (Continued)

Houghton et al?*

Franek et al?®

Franek et al.?

Houghton et al.?’

Franek et al.?

Type of wound

Chronic leg ulcers

Venous leg ulcers

Total number of patients 27 60

Number of groups 1 group 1 group
receiving ES

Number of patients 14 patients 30 patients
in the ES group(s)

Average patient age 66.3 years 60 years
in the ES groupl(s)

Treatment in the HVPC + SWC VS+HVPC
ES group(s)

Treatment in the Sham HVPC+SWC VS+SWC

control group(s)
Characteristics of current

150V; 100 us; 100 pps

100V: 100 us; 100 pps

Venous leg ulcers
110

Pressure ulcers (II-IV stage)
34

Pressure ulcers (II-IV stage)
50

2 groups 1 group 1 group

28 patients 16 patients 26 patients
28 patients

68 years 50.3 years 59.0 years
61 years

VS+HVPC HVPC +SWC HVPC + SWC
CT+HVPC

VS+SWC SWC SWC
CT+SWC

100V: 100 s; 100 pps

50-150V; 50 us; 100 pps
per 20 min followed
by 20 min of 10 pps

100V: 100 s; 100 pps

Arrangement Active on the PU; passive Active on the wound and passive above the knee  Active on the PU; passive located at least

of the electrodes located proximally 20 cm 20cm from the PU

from the PU

Polarity of the active Negative Negative 2 weeks, then positive Initially negative, then Negative 1-2 weeks,

electrode reverse weekly then positive
Duration of the procedure ~ 45min 50 min 50 min 40 min 50 min
Frequency of procedures Once a day Once a day Once a day 8 times a day Once a day

3 days a week 6 days a week 6 days a week 7 days a week 5 days a week
Period of treatment 4 weeks 7 weeks 7 weeks 12 weeks or until healing, 6 weeks
whichever occurred first

Number of hours per week 2.25h/a week 5h/a week 5h/a week Around 37 h/a week 4.16h/a week
Total ES time 9h 35h 35h Around 443 h 25h

period. In the anodal group, injury potential re-
turned to preinjury levels by the end of the healing
period. By days 19 and 21, wound potential de-
creased more for the anodal group than for the
control group (p<0.05). By day 15 for the anodal
group and by day 17 for the cathodal group, WSA
decreased more compared with the control group
(p<0.05). The authors concluded that anodal ES is
appropriate for improving the healing of acute skin
wounds because it causes the wound surface to
close and the wound potential to return faster to
the preinjury level.

The randomized in vivo study that Borba et a
(2011) conducted with rats showed that anodal
stimulation had positive effect on neoangiogenesis
in the early stage of acute experimental wound
healing. In the stimulation group, the anode
(treatment electrode) was placed on the animals’
backs and a pulsed current was applied for 30 min
delivering a rectangular pulse current of 8 mA at a
frequency of 7.7pps (the negative electrode was
placed on the abdominal wall). After ES, an inci-
sion was made on the animal’s back. The animals in
the control and stimulation groups were sub-
divided into two subgroups of 10 animals each on
postoperative days 7 and 14. In both the control
and stimulation groups, the number of newly
formed vessels was determined with histomor-

L 14

phometric analysis based on morphologic charac-
teristics, such as the presence of thinner
endothelial walls than those of other vessels. In the
stimulation group, the number of blood vessels on
postoperative day 7 was greater than in the control
group (p<0.0091). No significant differences
(p<0.3375) were found in the number of blood
vessels between the groups on postoperative day
14. The anodal group in Borba’s'* trial also
showed a greater number of fibroblasts on post-
operative day 7 than the control group (p <0.0060),
whereas on postoperative day 14 no signifi-
cant differences (p<0.1267) were observed in
the number of fibroblasts between the groups.
Borba’s!* trial shows that preoperative anodal
stimulation can be useful in treating early/acute
stages of wound healing.

Mertz et al.* in 1993 reported a study of mono-
phasic pulsed-current ES to assess its effect on
wound healing in pigs. After two 30-minute ses-
sions of monophasic pulsed-current ES, they as-
sessed epidermal migration macroscopically for 7
days. They observed that wounds treated with ne-
gative polarity on day 0 followed by positive po-
larity on days 1-7 demonstrated enhanced
epithelialization by 20% compared to those receiv-
ing treatment with either positive (+9%) or nega-
tive (—=9%) alone. In addition, they observed that
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Table 2. Results of treatment with HVPC electrical stimulation in controlled clinical studies

Number Average Wound Area
Reference Wound Type Groups of Patients Before Therapy (cn”) Healed Area (%) Closed Ulcers (%)
Kioth et al'® PU HVPC 9 4.08 100 100
Sham HVPC 7 5.2 0 (ulcers increased 0
by 89%)
Griffin et al'® PU HVPC 8 234 80 25
Sham HVPC 9 271 52 22
Polak et a/”' VLU HVPC +wet dressing 22 155 73.4 n/a
SWC 20 12.2 46.9
Franek et al? VLU HVPC +wet dressing 33 227 59.03 n/a
SWC 32 239 34.73
Unna's boot 14 105 24.76
Peters et al.?® DFU HVPC + SWC 20 n/a 86.2 65
Sham HVPC +SWC 20 714 35
Houghton et al?* Leg ulcers HVPC +SWC 14 6.39 443 n/a
Sham HVPC +SWC 13 5.53 16.0
Franek et al”® VLU VS+HVPC 30 25.85 59.63 20.00
VS+SWC 30 25.27 60.01 23.33
Franek et al”® VLU VS +HVPC 28 214 87.11 21.42
VS+SWC 27 19.7 85.67 25.92
CT+HVPC 28 18.6 61.54 21.42
CT+SWC 27 19.3 4411 7.40
Houghton et al?’ PU HVPC + SWC 16 3.38 70.0 Il stage—100%
-1V stage—33.3%
At least 50%
smaller—80%
SWC 18 273 36.0 Il stage—100%
-V stage—7.1%
At least 50%
smaller—36%
Franek et a/%® PU HVPC + SWC 26 454 88.90 n/a
SWC 24 3.97 44.40 n/a

VLU, venous leg ulcer; DFU, diabetic foot ulcer.

alternating positive and negative polarity daily
inhibited epithelialization by 45%. The results of
the Mertz study® have provided grounds for as-
suming that ES starting initially with cathode
stimulation and then using anode stimulation may
promote wound epithelialization. In recent years,
however, Zhao and colleagues®® concluded based
on their in vitro study that the epithelial cells are
drawn to the cathode. Thus, in the opinion of the
authors, it is the negative electrode that can ef-
fectively stimulate the epithelialization of wounds.
A literature review by Kloth,? based on in vitro
research suggests that cathode stimulation may be
appropriate for treating infection and inflammation.
When inflammation and exudation appear in the
wound, macrophages and polymorphonucleaur
granulocytes autolytically remove the nonviable
tissue. Fibrin and the products of its degrada-
tion have chemotactic properties toward neutrophil
and monocytes that phagocytose bacteria and ne-
crotic tissue in the wound. Applying the cathode to a
wound at this stage may attract positively polarized
macrophages and neutrophil granulocytes to the
wound to enhance the bactericidal process.>3°

Cathodal stimulation can also enhance the pro-
liferative phase of healing. In vitro studies also
suggest that granulation tissue formation may be
affected by cathode stimulation.”*°

Further, the results of Bourguignon’ in vitro
study with human fibroblasts indicated that HVPC
utilizing monophasic twin-spike pulses (100 us)
with a frequency of 100 pps could significantly in-
crease the rates of both protein and DNA synthesis.
The maximum stimulation of protein and DNA
synthesis was obtained at, respectively, 50 and 75
V at cells located to the negative electrode.

The Asadi et al.®® study (2011) showed that
cathodal sensory ES increases the release of vas-
cular endothelial growth factor (VEGF) in skin.
The authors evaluated the effect of sensory direct
current (600 4A) and motor monophasic current
(pulse duration 300 us; 100 pps, 2.5-3.0 mA) of
cathodal ES on VEGF release in muscle and skin in
the wound site. They randomly assigned 48 male
Sprague-Dawley rats into one control and two ex-
perimental groups (sensory and motor ESs). A full-
thickness skin incision was made on each animal’s
dorsal region. The experimental groups received
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ES for 1h every day, for 3 or 7 days. In the control
group, no current was applied. VEGF expression
was measured in muscle and skin on the 3rd and
7th days after surgical incision. The outcomes
showed no difference in the groups’ VEGF levels on
the 3rd day. On the 7th day, the skin VEGF levels
in the sensory group were significantly higher than
in the other groups (p <0.05). In the muscle VEGF,
no differences were found. According to the results,
sensory cathodal ES increases the release of VEGF
in skin. This mechanism may be one through which
a sensory negative current is effective in promoting
wound healing.

Assessment of risk of bias in included studies

We independently assessed the risk of bias in the
included studies. As recommended by the Co-
chrane Collaboration Back Review Group pub-
lished by van Tulder et al. (as quoted in
McGaughey®’), we addressed the methodological
domains presented in Table 3, points A-K, and
additionally introduced criteria from Table 3,
points L—P.

The methodological quality of the reviewed studies
(see Table 4) ranged from 7 to 12 points, with a mean
of 9.7 (standard deviation 1.76; median 9.7) out of 16.
The studies performed best in having comparable
timing of outcome assessments (J),'®1921-28 and in
avoiding the use of co-interventions (G).'%19:21-28
They also adequately performed an intention-to-
treat analysis (K).!®1921"28 The groups of subjects
seem to have been appropriately selected and were
similar at baseline regarding most prognostic indi-
cators (C).1%22728 Unfortunately, only six authors out

of ten adequately provided an acceptable dropout
rate (I)_18,19,23,24,27,28

Table 3. Methodological quality of studies®”

A Was the method of randomization adequate? Y/N/DK
B Was the treatment allocation concealed? Y/N/DK
C  Were the groups similar at baseline regarding Y/N/DK
most prognostic indicators?
D Was the patient blinded to the intervention? Y/N/DK
E Was the care provider blinded to the intervention? Y/N/DK
F Was the outcome assessor blinded to the intervention? Y/N/DK
G Were co-interventions avoided or comparable? Y/N/DK
H  Was the compliance acceptable in all groups? Y/N/DK
| Was the dropout rate described and acceptable? Y/N/DK
J  Was the timing of the outcome assessment in all groups similar? Y/N/DK
K Did the analysis include an intention-to-treat analysis? Y/N/DK
L Were there at least 10 participants? Y/N/DK
M Was there only one type of wound? Y/N/DK
N Was the duration of study at least 10 weeks? Y/N/DK
0  Was the duration of study at least 4 weeks? Y/N/DK
P Was complete closure of all wounds achieved? Y/N/DK

DK, don’t know; N, no; Y, yes.

A noteworthy fact is that all studies described
treatment methods in the experimental and
control groups correctly and specifically, partic-
ularly the methodology of HVPC ES (G).18:19:21-28
Further, the studies were generally organized
well enough to recognize them as ensuring ap-
propriate treatment of patients in both types of
groups. The researchers made sure that the
preventive measures and SWC matched the
needs of particular patients and used similar
methods in both the HVPC group and the control
groups (H).'®1921728 Iy most studies, efforts were
taken to ensure that the HVPC ES procedure was
consistent with the accepted methodology of re-
search.819:21,22,24-26.28 mhe authors of only two
studies?®?7 were not certain whether ES was al-
ways applied as planned, but these researchers
evaluated wound healing rates outside hospital
wards. Treatment was effective in both cases.
The results of the studies are significant in that
they show that ES with HVPC delivered through
miniature ES devices can be successfully em-
ployed in the community setting (in patients’
homes) without the direct supervision from
trained medical personnel.

The randomization aspect of the reviewed stud-
ies stirs some reservations. Although all the stud-
ies are considered RCTs, only four of them provide
information proving that the method of randomi-
zation was adequate (A)'%?22728 and only four
studies can be considered to have fully concealed
treatment allocation (B).!8-2%:27:28

Sham ES treatment in control groups was only
used in four studies,'®'%?32* three of which give
information showing that the patients were blin-
ded to the intervention (D).'??*?* In the other
studies,?!"?%2°28 the experimental groups received
HVPC+SWC and the control groups were treated
with SWC; it is quite probable that the patients were
aware of what therapy they were administered.

There were only two double-blinded studies
where care providers and outcome assessors were
blinded to the intervention (E, F).

Attention should to be given to the fact that the
randomization and blinding questions received
many “don’t know” scores, which shows that the
studies frequently omit key information or give
incomplete information.

It can be presumed that the authors of the re-
viewed studies used correct methods for assessing
wound healing progress. In most studies, HVPC was
applied to at least 10 patients (L).22728 In almost all
studies (but one®*), the same type of wounds was
assessed for healing progress (M), that is, PUs,
VLUs, and DFUs,1819:21-23.25-28 Aq pegards PUs, the

23,24
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Table 4. Methodological quality scores

Peters  Houghton
etal ® etal®

Houghton

Franek et al?®  Franek et al?® et aF’  Franek et al?®

Kloth

Study and Feedar'®  Griffin et al.'®  Polak et al. ' Franek et al %
Type of study  RCT, PlacC RCT, PlacC RCT RCT
A Y DK DK Y

B Y DK DK Y

C DK Y DK Y

D DK Y DK DK
E DK N N N

F N DK N N
G Y Y Y Y

H Y Y Y Y

| Y Y N N

J Y Y Y Y

K Y Y Y Y

L N N Y Y
M Y Y Y Y
N Y N N N
0 Y N Y Y

P Y N N N
Total score 11 8 7 10

Z<<<<<<<zZz<<<=<-=<

—
N

RCT RCT RCT RCT RCT
PlacC PlacC SB

DB

DK DK DK Y Y
DK DK DK Y Y
Y Y Y Y Y
Y N N N N
Y N N N N
Y DK DK DK N
Y Y Y Y Y
Y Y Y DK Y
Y N N Y Y
Y Y Y Y Y
Y Y Y Y Y
Y Y Y Y N
N Y Y Y Y
N N N Y N
Y Y Y Y Y
N N N N N
" 8 8 N N

SB, single blind; DB, double blind; PlacC, placebo controlled; DK, don't know; N, no; Y, yes; RCT, randomized controlled trial.

authors of one study'® treated only stage IV PUs.
The other studies treated PUs ranging from stage I1
to stage IV, but some researchers assessed'®?’
healing progress separately for PUs of different
stages.

In all studies (except one'®), wound healing
progress was observed for at least 4 weeks (O),1821-28
but only three studies went on longer than 10
weeks (N)'82327 gnd, unfortunately, there was
only one study'® when wounds were treated until
they closed completely (P).'® In all the other stud-
ies, some wounds did not heal completely, but all
authors provided the percentage of healed wound
area and most of them stated the rates of com-
pletely healed wounds (Table 3).18:19:23,25-27

Overall, six studies'®?27242728 in this review
were of high quality scoring at least 10 points in
internal validity criteria, and four!?2%2526 were of
low quality.

Half of the six high-quality studies concerned
PUs.'82728 T these studies, PUs were treated for
at least 6 weeks and the healed area exceeded 70%
in relation compared with their pretreatment sizes.
These results are promising indications of the ef-
ficacy of HVPC ES as a PU treatment modality.

The authors of the two other high-quality stud-
ies treated DFUs?® and VLUs,?? achieving healing
rates of, respectively, 86% after 12 weeks and of
59% after 6 weeks. These results too show that
HVPC can be effectively used for treating these
types of wounds.

The last of the high-quality studies concerned
vascular leg ulcers (venous, arterial, diabetic,
and mixed).?* Its authors did not analyze wound
healing progress by ulcer etiology, but only pro-
vided an aggregate healing rate of 44% after
4-week therapy.

FUTURE DEVELOPMENTS OF INTEREST

While the shortcomings of the reviewed studies
hinder reliable predictions as to the efficacy of HVPC
ES in wound treatment, their findings suggest that
HVPC can be successfully used in treating PUs.

Additional studies are necessary to investigate
its effect on the healing of other types of soft tissue
defects and infected wounds, to determine the ef-
ficacy of cathodal versus anodal stimulation, and
the minimal daily/weekly duration of HVPC nee-
ded to ensure optimal wound healing.

The authors of future studies should also make
sure that their randomization methods are precise
and that the rules for blinding the patients, care
providers, and outcome assessors to the intervention
are observed. Studies should be designed to cover
longer periods, preferably until the wounds are closed.

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS

HVPC is a promising therapy. It is relatively in-
expensive, noninvasive, painless and safe from
measurable side effects, and suitable for application
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in clinical and nonclinical setting and in
patients’ homes. An outline of HVPC ap-
plication for wound healing is presented in
Fig. 1.
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TAKE-HOME MESSAGES

Basic science advances
e ES promotes wound healing at acute and chronic stages.

e “Skin battery” produces an electrical current that activates the healing
process.

e A monophasic pulsed current applied to a wound simulates or reinforces
bioelectrical current and thereby wound healing.

e Cellular electrotaxis of macrophages, neutrophils, and fibroblasts to the
wound also promotes healing.

e ES improves protein and collagen synthesis and the production of ATP
and DNA.

e ES can increase blood flow and capillary density.

Clinical science advances
e HVPC is effective in CT of chronic wounds, venous ulcers, stage II-IV PUs,
and DFU.

e HVPC using the cathode as the treatment electrode promotes the growth
of granulation tissue.

e HVPC applied 2.25-7h a week effectively promotes the healing of
chronic wounds.

Relevance to clinical care

ES and other biophysical energies are recommended for treating hard to heal
chronic wounds. More in vitro, animal and clinical studies are needed to develop
specific guidelines for effective application of ES in wound treatment.

==

Unhealed wound

-

HVPC ES; double peaked monophasic impulses;
100 ps; 100 pps; 100 —150 V: sensory stimulation; 50-60 minfday; once a day; 3-5 days/week

|

je placed on the "

Return electrode placed on healthy skin at least 10-20 cm from the wound

Totreatinfection or inflammation,
stimulate gramaation tissue growth
and epthelialization

Figure 1. Application of high-voltage pulsed current electrical stimulation in wound healing.
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