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INTRODUCTION

We generally do not think of skin as an electrically -
responsive tissue. Yet, the skin generates an electric
current upon wounding, and increasing evidence impli-
cates endogenous electric fields as important mediators
of the repair process. For decades, investigators have
atternpted to enhance skin wound healing by applying
various forms of electrical stimulation (ES). This concept
of therapeutic ES is not new and is in current use for
other clinical indications including neuromuscular
rehabilitation, pain control, and bone healing. This
review will take an evidence-based approach to evaluat-
ing both the clinical and basic research that provides
strength of evidence for the use of ES to accelerate or
improve cutaneous wound healing.

ELECTRICAL STIMULATION FOR
WOUND HEALING

ES, or electrotherapy, is defined as the application of
electric current from electrodes placed directly within a
wound or on skin in close proximity to it. Its use in skin
wound healing is not new: the use of electrostatically
charged gold leaf to enhance the healing of small pox
lesions is noted about 300 years ago’, and rediscovered
more recently in the 1960's® % The use of ES for the
treatment of diseases in general was abandoned early in
the last century because of concerns regarding the
efficacy of this therapy. ES faded from the medical
practice after the Flexner Commission report® in 1910
suggested that ES was not scientifically based. It was
not until the past three decades that renewed interest in
this technique has emerged. As the number of success-
ful studies being published increases, the use of ES for
the treatment of soft tissue injuries is slowly becoming
more widely accepted. ES has very recently been
approved for Medicare coverage by the Centers for

Medicare and Medicaid Services (CMS)* for the treat-
ment of stasis, arterial, pressure and diabetic ulcers that
have not responded to standard wound therapy. Thus,
the use of this modality by dermatologists may increase,
and understanding the underpinnings of its efficacy is
important to its effective therapeutic use.

Electrical Stimulation Modalities

Three basic treatment regimens are commonly used
today, direct current (DC), pulsed current (PC), and alter-
nating current {(AC) (Figure 1). The advantages and
disadvantages of each are briefly described to facilitate
comparison of the reported results using these
modalities.

Direct Current (DC)

Electric current that is continuous and unidirectional
in flow (from cathode to anode) is defined as direct
current. This form of current is also sometimes referred
to as galvanic current. The duration of the current may
vary from 1 second to longer times. If the flow of current
is unidirectional but less than 1 second, it is no longer a
DC current but referred to as pulsed current. Continuous
DC is pulseless, thus has no waveform (Figure 1A) and
no reversal of polarity unless it is reversed manually.

The passage of electric current through tissue
produces electrothermal, electrochemical or electro-
physical effects. The electrothermal effect is described
by Joule’s Law which states that heat production is
proportional to the square of the total current, the resis-
tance, and the time for which the current flows. Normal
skin presents high resistance, thus thermal damage may
ensue from continuous DC stimulation. When using DC
to treat wounds, to avoid thermal damage both the ampli-
tude and treatment time must be minimized.
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Figure 1: Electric Stimulation Modalities. ES: electrical
stimulation
DC: direct current, PC: pulsed current, AC: alternat-
ing current. Panel A: Continuous DC, Panel B: Twin-
spike Monophasic (also called High Voltage Pulsed
Current, HVPC), Panel C: Rectangular Symmetrical
Biphasic (also called Low Voltage Pulsed Current,
LVPC), Panel D; Biphasic Symmetrical {(also used
for TENS), Panel E: Balanced Asymmetrical
Biphasic

DC causes an electrochemical reaction in tissue as
well. Positively charged soedium ions migrate toward the
negatively charged pole (cathode), combining with water
to yield the base sodium hydroxide. At the anode
(positive pole), there is formation of hydrochloric acid
due to the redistribution of chlorine. These resultant
changes in pH may induce chemical burns or blisters.
Shortening treatment time, polarity reversal, or decreas-
ing current amplitude can minimize this hazard.
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Pulsed Current (PC)

A mechanism to reduce the electrothermal and
electrochemical hazards of DC current application is to
utilize pulsed current (PC), defined as a unidirectional or
bidirectional flow of charged particles for a short duration
of time. In the successful protocols, each pulse tends to
last for a milli or microsecond followed by a relatively
long interpulse interval at which current amplitude is
zero. Most PC protocols do not exceed 20 mA of total
current and are thus very safe to use.

Mumerous, and sometimes confusing, names have
been assigned to PC (e.g. interrupted square, trape-
zoidal, triangular, sawtooth, spike) because of the differ-
ent shapes the waveforms exhibit. One of the ways of
eliminating the confusion is to describe the pulses
according to three basic parameters of the waveforms:
amplitude, duration, and frequency. This can be further
simplified by grouping in two common delivery configu-
rations: either monophasic or biphasic.

A monophasic pulse is a brief duration of unidirec-
tional flow of charged particles. An example of a
monophasic PC is the commonly used high voltage
pulsed current (HVPC). The waveform of HVPC is a
monophasic spike delivered in pairs (twin peaked,
Figure 1B). Because each peak or spike has very short
pulse duration (2 to 50 msec), a high voltage (100 to
500V) is needed in order to produce currents in the TmA
range. The amplitude and pulse rate often selected for
wound healing is usually between 80 to 200V and 50 to
120 pulses per second (pps) respectively, minimizing the
electrochemical changes under the delivering electrodes
in skin®.

Biphasic pulse is one that deviates from baseline
{zeroline) first in one direction and then in the opposite
direction. The biphasic waveform can be delivered in a
number of protocols, and an example is demonstrated in
Figure 1C. One biphasic protocol that has been used
successfully in some clinical trials is the low voltage
pulsed current (LVPC).
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Figure 2. Generation of skin wound electric fields.

Unbroken skin maintains a “skin battery”, derived by apical-basal transpornt of Na*, and generation of a transepithelial

potential (2a). When wounded, the potential drives current

flow through the newly formed low resistance pathway (2b),

generating an electric field whose negative vector points toward the wound center at the lower portion of the

epidermis.
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Alternating Current (AC)

AC is defined as a current that changes the direction
of flow with reference to the zero baseline at least once
every second. The typical AC is symmetrical (although
asymmetric waveforms have also been used) and can
be delivered in various waveforms (Figure 1D & E). The
transcutaneous electrical nerve stimulation (TENS)
devices currently available use a type of AC. Current is
usually delivered at 15 to 20 mA with a pulse duration
of 150 psec. Some successful studies using AC for
wound healing have been reported in the literature (see
Table 4).

THEORETICAL AND SCIENTIFIC BASIS
FOR USE OF ES

Evidence for electric fields in wounds

The existence of ionic currents exiting injured tissues
has been known for some time: it was first demonstrated
by Matteucci in 1830°. Dubois-Reymond®, founder of the
science of bioelectricity, was the first to experimentally
demonstrate in 1843 the existence of wound currents. He
measured approximately 1mA of current from a wound in
human skin. Other, more recent studies have confirmed
this finding: for example, currents of up to 10 mA/cm? have
been measured with the vibrating probe technique exiting
amputated finger tips in children®. Transepithelial poten-
tials between 20-50mV, inside positive, have been record-
ed in human skin, maintained by a "skin battery™", presum-
ably generated by inward transport of sodium ions through
the membrane Na*/K- ATPase pumps™. In intact human
skin, current flow is limited by very high resistance stratum
corneum. When a wound disturbs the epidermal integrity,
there is a net flow of current through the low resistance
wound pathway and the resultant generation of a lateral
electric field within or beneath the adjacent epidermis. The
negative pole of this
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flow, this may account for the more rapid healing noted
in wounds that are occluded with film dressings. Togeth-
er, there is a significant scientific literature to support the
notion that endogenous electric fields form immediately
upon wounding of skin and play a role in the wound
healing process.

Galvanotaxis

One mechanism by which the electric fields may
participate in wound healing is by directing cell migration
and, as such, enhancing wound healing. The concept of
directional migration in an electric field, or galvanotaxis,
is not a new one. Many cell types have been noted to
exhibit this response (reviewed by Nugccitelli'® and Robin-
son'). Of importance in skin wound healing is the recent
work demonstrating that the migration of human skin-
derived keratinocytes is also guided by electric fields,
notably fields of the same magnitude as those found in
mammalian wounds'® 20, Application of an electric field
across a wound made in vitro to a confluent sheet of
cultured keratinocytes enhances the migration of the
cathodally facing cells (Figure 3). Thus, wound- generat-
ed electric fields may contribute to wound healing by
guiding keratinocyte migration and enhancing re-epithe-
lialization. Endothelial cells also respond to electric field
with a directional migratory response®, and the wound-
generated electric field may, likewise, direct dermal
angiogenesis required for wound repair.

The mechanism by which cells respond to an electric
field with directional migration is the subject of angoing
investigations. Electric field-induced lateral electrophore-
sis and redistribution of proteins within the plasma
membrane is one proposed mechanism. For example,
the EGF receptor rapidly lateralizes on the cathodal side
of keratinocytes exposed to dc electric fields®. Other
possible targets include membrane channels and resul-
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Figure 3. Electric fields enhance wound healing in vitro. Confluent cultures of neonatal human
keratinocytes were "wounded" by cutting through the culture with a scalpel (cut edge is
indicated by the marker for time 0). One culture dish was exposed to an applied DC electric
field of 100 mV/mm (lower culture, labeled Field; + and - indicate anodal and cathodal poles
of the applied field), and one culture was not exposed to an electric field (upper culture,
labeled Control). Both cultures were returned to the incubator and maintained in tissue
culture medium at 37° C. At 9, 15, and 24 hours after the initial wounding, the cultures were
removed from the incubator and the wounded edge digitally imaged. Images were overlain
with respect to the time 0 edge and pseudo-colored for ease of visualization. Increased

outgrowth from the cathodally-facing edge can be seen in the Field-exposed culture.
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tant changes in ion fluxes®, changes in the organization
of the actin cytoskeleton®*2® in the distribution of
adhesive structures, such as integrins®, or local activa-
tion of protein kinases®' #. |ntensive investigation in this
area continues.

In vitro cellular effects of ES

DC effects on cell migration, i.e. galvanotaxis, have
been well documented, as noted above. Pulsed DC
protocols, which limit the potential for cellular damage,
have also demonstrated potentially beneficial cellular
effects. An increase in protein synthesis and thymidine
incorporation into DNA has been observed by
Bourguignon and Bourguignon® * in cultured human
fibroblasts treated with high voltage pulsed current
(HVPC) in the range of 50-200V and pulse rates of 60-
125 pps. Voltages intensities greater than 250V inhibited
both protein and DNA synthesis. This same treatment
protocol upregulates insulin receptors on fibroblast
membrane®. The rationale for low voltage pulsed current
(LVPC) protocol in clinical wound healing studies may
also derive from work by Petty and colleagues® who
have demonstrated that electric fields with periods of
20-s match endogenous cellular metabolic oscillations in
MADP, and thus may contribute to a metabolic effect.
Using AC (10 pps, approximately 40 mV/m) Cheng and
Goldman® noted that fibroblasts exposed to the field
demonstrated increases in *H-thymine incorporation. Of
particular significance in this study, is the experimental
protocol, in which fibroblasts were incorporated into a 3-
dimensional collagen matrix prior to electric field
exposure, thus, providing a better model of the dermal
wound environment. Oscillating electric fields of very low
periodicity (1pps, 2W/em) can also effect cell function.
Cho et al® documented numerous morphologic
changes accompanied by alterations in migratory speed
and directedness of migration in macrophages exposed
to these fields. Evidence cited from the above studies
demonstrate that electric fields, delivered to cells in
multiple varieties of waveforms, have numerous biologic
cellular effects and thus may contribute to the wound
healing process.

Animal studies

Animal studies using a variety of wound models and
ES protocols have, with few exceptions, reported an
enhancement in some aspects of wound healing (Table
1). Motable is the improvement in tensile strength
observed in wounds treated with DC, usually with the
negative electrode placed over or within the wound
site®2, Other studies demonstrate concomitant increas-
es in the number of fibroblasts within the wound, and an
increase in collagen production*®*s, As other ES proto-
cals have become popular, they too have been assessed
in animal models. The pulsed HVPC and LVPC proto-
cols, have also demonstrated a positive effect on wound
healing, primarily increasing the rate of wound closure.
Overall, the studies using continuous DC demonstrated
increased wound tensile strength while those with HVPC
did not. Certain cautions should be used when extrapo-
lating animal studies to humans. For example, pig
dermis is considerably thicker than human dermis and as
such the difference could create a different skin resis-
tance thus interfering with current flow. The studies are
not directly comparable to one anocther, given the variety
in animal models, wounds, ES protocols and electrodes
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used. In addition, most of the animal wound studies are
not models for chronic non-healing wounds. These
caveats aside, one can nevertheless conclude that the
animal studies provide evidence to support the efficacy
of ES in wound healing, although it is not quite clear
which ES protocol is superior.

Antibacterial Effects of ES

When a wound is infected, its healing is delayed.
There is evidence from both in vitro and in vivo studies
suggesting that ES have bacteriostatic and bactericidal
effects on microorganisms known to colonize dermal
wounds. The growth of Escherichia coli B in culture
medium is inhibited with treatment of DC 1.0 - 140 mA,
but not AC protocols®®. The effect is most notable at the
cathode. Likewise, DC treatment has been noted to
decrease the growth rate of Staphylococcus aureus®” in
vitro. Since the magnitude of the effect varies with the
type of electrodes used, toxicity from electrolytic
products cannot be ruled out in these studies. In full
thickness rabbit skin wounds experimentally infected
with Pseudomonas aeruginosa, cathodal DC stimulation
with 1mA significantly decreased bacterial count®,
providing in vivoe confirmation of the in vitro results.
HPVC has also been examined for its ability to curtail
bacterial growth. Growth of the common wound bacteria
Staphylococcus aureus, E. coli, and Pseudomonas
aeruginosa is inhibited by HPVC, with a linear relation-
ship between inhibition and duration of exposure of
HYPC and the voltage (150-300V})*. In an attempt to
identify the mechanism by which HVPC kills bacterial in
vitro, Szuminisky and colleagues®® delivered HVPC at
500V into culture media containing 4 different species of
bacteria that commonly colonize wounds, S. aureus, E.
coli, Klebsiella and P. aeruginosa. Both direct and
indirect (production of antimicrobial factor in the medium
exposed to ES) bactericidal effects were observed, both
at the positive and negative poles. Although there was
no local increase in temperature during the application of
the current, the investigators were unable to determine
whether the inhibitory effect was due to direct action of
the current on the organism, or the pH changes
observed. It should be noted that voltages used in this
study are higher than those used in clinical settings.
Thus further investigation is needed to clarify the role of
ES in infection control in wound healing.

In summary, the research literature provides
evidence that ES has inhibitory effects on common
pathogens that colonize dermal wounds. In vitro studies
have shown that antibacterial effects are more likely to
occur with non-noxious pA DC applied to wound
pathogens via the cathode whereas the voltage required
for antibacterial effect with HYPC would be intolerable
for patients (250 to 500V). Antibacterial effects of other
ES protocols are lacking. The mechanisms by which ES
inhibits these organisms are unknown and remain
controversial.

CLINICAL SCIENCE RESEARCH

Forty years after the first reported clinical use, ES is
still not a first line clinical modality for treating skin
wounds. The lack of knowledge regarding the mecha-
nism as well as lack of carefully controlled studies seems
to be major arguments to dissuade its use. In spite of the
evidence showing beneficial effects of ES, lack of
standardization across treatment protocols has made it
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virtually impossible to compare reported studies. Never-
theless, a number of successful randomized controlled
studies have been published in the last decade substan-
tiating the use of ES for healing of chronic wounds.
These studies are impertant in providing information to
clinicians and their patients who seek adjunctive thera-
pies for hard-to-heal wounds, as well as to third party
payers who base reimbursement for services on
evidence-based clinical studies. This section will address
human studies designed to test the clinical efficacy of the
three most commeon types of ES: DC, PC or AC. One
recent meta-analysis of published studies concluded that
ES induces substantial improvement in the healing of
chronic wounds®', However, another critical review
concluded that larger, randomized control studies with
sufficient power are needed before a definitive
pronouncement regarding the efficacy of this modality
can be made. These studies are summarized in the text
below and listed in Table 2.

Direct Current Studies

The first successful report of DC application on
human wounds is the very often-quoted case report by
Assimacopoulos in 19685 (Table 2). This is a very limit-
ed report of three patients with chronic leg ulcers due to
venous insufficiency, which healed after six weeks of
application of 50 to 100 pA direct current, with cathodal
stimulation. Other simultaneous interventions, such as
systemic antibiotic treatment, preclude assessment of
the contribution of ES to the healing process. Two larger
patient series were reported later, wherein 83% and 76%,
patients with ulcers of various etiologies were treated
with DC ES, and their rate of healing was found to be
improved over the patient's historical healing rates.
These protocols included initial application of the catho-
dal electrode to the wound for a 3-day duration followed
by anodal electrode placement, with polarity reversed
every 3 days. Although the in vitro studies noted earlier
might provide some rationale for either ancdal or catho-
dal stimulation of the wound, it appears that the choice of
protocol parameters in these studies is arbitrary. Recog-
nizing the limitations of non-controlled studies, Carley
and Wainapel® designed a randomized clinical trial
based on this DC protocol. In this study, 30 patients with
chronic skin ulcers located either below the knee or in
the sacral area were paired according to age, diagnosis,
location and wound size. One member of the pair was
randomly assigned to an experimental group which
received DC therapy, 300 pA and 500 pA, in addition to
standard wound care; the control member received only
standard wound care. Results of this study showed a 1.5
to 2.5 times increased healing rate for the treated group
as compared to the control group evident at 3, 4 and 5
weeks after onset of therapy. However, weaknesses in
the design of the study, with the absence of exclusion
and inclusion criteria, and lack of detail regarding the
“standard of care” applied to wounds of presumably
different etiology, undermine the validity of the conclu-
sions drawn from this study.

Pulsed Current Studies

Clinical studies that use PC devices can be catego-
rized into two groups: low voltage PC (LVPC) and high
voltage PC (HVPC) (see Figure 1). Clinical studies of PC
are summarized in Table 3
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Low Voltage PC studies

Since 1991, 4 randomized, double blind, multi-center
studies evaluating LVPC treatment for chronic wounds
have been published® 4, These studies enrolled larger
numbers of patients, ranging from 47 to 74, primarily with
decubitus ulcers of stage Il, Ill, or IV. In each protocol the
control group received sham ES with an inactive device,
and documented standard care. Three studies, Feedar
et al*’, Mulder,®, and Gentzkow et al** used similar treat-
ment protocols of approximately 30 mA, 64-128 pps
applied 30 minutes twice daily to the wounds. The fourth
study by Wood et al®® applied much lower currents (300-
600 pA at 0.88 pps) three times a week for unreported
treatment periods. The cutcome measured in each study
was the change in the percentage of the initial ulcer area,
defined by the product of the width X length of the
wound. All four studies demonstrate statistically signifi-
cant reductions in the areas of the ES treated wounds.

Despite the rigor of the studies, these too have come
under recent criticism. For example, Sheffet et al*® have
pointed out assignment bias and resultant differences
between the control and treatment groups in Gentzkow's
study. Margolis®™ noted that the reported 3% healing rate
for the control decubitus ulcers in Wood's study was
lower than expected using standard moist saline dress-
ings. These shortcomings notwithstanding, the prepon-
derance of the evidence does support a role for this ES
protocol in enhancing chronic wound closure, at least in
stage [I-1V decubitus ulcers.

High Voltage PC

Fewer randomized controlled trials of HVPC have
been performed, and these have evaluated limited
numbers of patients, with mixed ulcer diagnoses, which
weaken the study design and outcome analysis. One, by
Kloth and Feeder®, evaluated 16 patients with chronic
ulcers of various etiologies treated with 45 minutes of
HVPC, 100 to 175V at 105 pps, 5 days per week. The
polarity of the stimulating electrodes was reversed when
the rate of ulcer healing plateaued. Ulcers of both treat-
ment and control (sham treated) groups received
standard wound care. The ulcers of the treatment group
healed over a mean period of 7.3 weeks at a rate of 45%
per week. A concern of this study is that the patients in
the control group had a mean increase in wound size on
average of 11% per week, varying significantly from the
reported healing rates for ulcers with standard care®. A
subsequent study by Griffin et al®, in a single-blind
randomized controlled trial, demonstrated similar accel-
eration of healing when they assessed the efficacy of
HVPC on 17 spinal cord-injured men with stage |1, |1l and
IV decubitus ulcers. The treatment protocol in this study
was HVPC of 200V intensity at 100 pps with the catho-
dal electrode applied directly to the wound for 1 hour a
day for 20 days. The control group was sham treated,
and both groups received standard wound care in
addition to the HVPC or sham HVPC. Despite this
relatively short treatment protocel, the HVPC-treated
patients with stage |V ulcers showed a 67% decrease in
wound surface area by the 20th day of treatment
compared to 15% decrease for the control group. Given
the small sample size, the findings just achieved statisti-
cal significance. The third randomized controlled study of
patients with chronic dermal ulcers treated with HVPC
was performed by Gogia et al®. Twelve patients with
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stage Il ulcers of mixed etiologies on the leg or foot
received either standard wound or standard wound care
in addition to HVPC of 250V at 100 pps with the catho-
dal electrode placed directly over the wound daily for 20
minutes a day, 5 days a week for 4 weeks. Treatments
began with the negative electrode placed owver the
wound for 4 days, then polarity reversed for the final 16
treatments, citing some of the earlier animal work to
support the choice of these reversal parameters.
Although the study reports a 37.4% of HVPC-treated
lesions had healed compared to 27.2% for control lesion,
these findings did not reach statistical significance given
the small number of subjects.

Thus, the HVPC studies each seem to have some
shortcomings in study design, which limit the interpreta-
tion of the findings. Although the currently reported work
is certainly intriguing, more studies with larger sample
sizes and rigorous study design are needed, to be able
to reach a firm conclusion regarding the utility of HVYPC
in wound healing.

Alternating Current (AC) Studies

AC has been applied to chronic wounds in two types
of protocols: symmetric square -wave, most commonly
delivered using a portable TENS device, or asymmetric
biphasic pulsed wave. As opposed to DC or PC stimula-
tors, AC stimulation is generally delivered by electrodes
adjacent to the wound rather than directly overlying it.

TENS

Initial case report® and uncontrolled case series®" %
treating patients with TENS applied to nerves in the
vicinity of the wounds suggested this approach might be
beneficial. The eticlogies of the treated ulcers were
varied, but included neurotrophic lesions, with the ratio-
nale that the neural stimulation provided by TENS would
enhance healing. One interesting study by Kaada and
Emru® used TENS therapy to treat 32 patients with
longstanding lower leg ulcers secondary to leprosy.
Patients received trains of 5 pulses (25 mA at 100 pps,
0.1 to 0.2 millisecond duration) for 30 minutes sessions,
twice daily for 5 to 6 days per week. Twelve weeks post-
treatment, 59% of the patients healed completely. All
those who completed therapy healed completely with a
mean healing time of 5.2 weeks. All the above TENS
studies were uncontrolled studies, and all used different
treatment regimens, making conclusions difficult to draw.

Thus far there has been only one randomized
controlled study of the effect of TENS on wound healing.
Lundeberg et al™® studied 64 diabetic patients with stasis
ulcers. The patients received either TENS therapy (treat-
ment parameters not given) for 20-minutes, twice daily
for 12 weeks or sham treatment. The polarity was
changed after each session. All patients received
standard wound care, which was a compression dress-
ing. After 12 weeks, 42% of the treated group healed
compared to 15% of the control, with statistical signifi-
cance. This study does support a role of TENS stimula-
tion in the treatment of ulcers in diabetic patients.

Biphasic Pulsed

Asymmetric biphasic pulsed waveforms have been
used in some wound healing studies, presumably
because the asymmetry of the waveform allows the
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polarity of one pole to predominate. One case series™
and one non-randomized control trial™ have suggested
that this modality may be useful in enhancing healing in
a wide array of chronic ulcers. However, only one
randomized controlled trial has evaluated the efficacy of
this modality.

Baker et al™® evaluated the effects of two stimulation
waveforms on healing rates in patients with diabetic
ulcers. Patients received stimulation with either an
asymmetric biphasic or symmetric biphasic square-wave
pulse both at 50 pps, at unreported amplitudes. A third
group received a sham ES. All patients in the study
received standard wound care. In this study, treatment
with asymmetric biphasic ES showed a statistically
significant 60% increase in the healing rate, as
compared to contrals. This study suggests that the
asymmetric biphasic wavelength may be mare advanta-
geous in ulcers in diabetic patients. The rationale for this
is not entirely clear.

It appears that most of the studies on the efficacy of
AC stimulation for wound healing evaluated patients with
decubitus ulcers, so no inferences may be comfortably
extended to other types of non-healing wounds. The
double-blind randomized controlled study by Lundeberg
et al™ is particularly strong, and its results do support a
role for AC therapy in decubitus ulcers. Its efficacy in
other chronic wounds remains to be evaluated.

STRENGTH OF EVIDENCE RATING FOR ES

In 1994, the Agency for Health Care Policy and
Research (AHCPR, now known as the Agency for
Healthcare Research and Quality) convened a panel of
experts who subsequently published a guideline for the
treatment of pressure ulcers™. The panel recommended
that clinicians “consider a course of treatment with
electrotherapy for stage Il and IV pressure ulcers that
have proved unresponsive to conventional therapy.
Electrical stimulation may also be useful for recalcitrant
stage Il ulcers.” In the 1994 AHCPR document, the
strength of evidence rating assigned to ES was “B"
based on the following rating scale:

A : Results of two or more randomized controlled
clinical trials (RCT) on chronic wounds in human provide
support.

B : Results of two or more controlled clinical trials on
chranic wounds in humans or when appropriate results
of two or more controlled trials in an animal model
provide indirect support.

C : This rating require one or more of the following: 1)
results of one controlled trial; 2) results of at least two
case series/descriptive studies on chronic wounds in
humans; or 3) expert opinion.

Another comprehensive review of the modality has
been recently undertaken in the UK by the National
Coordinating Centre for Health Technology Assessment.
Although sixteen randomized controlled ftrials were
included in their review many were excluded because of
the previously noted flaws in their design. Their conclu-
sion, published in 200174, was that “there may be some
benefit associated with electrotherapy in the healing of
chronic wounds,” but that the evidence was generally
insufficient to unequivocally conclude that ES is benefi-
cial for the treatment of chronic wounds.
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Of particular interest to practitioners in the United
States, however, is the Centers for Medicare and Medic-
aid Services (CMS, formerly known as HCFA) July 2002
decision on coverage of ES for chronic wounds®. The
decision was based on a comprehensive review that
began in 1995, with in-depth analysis of all published
clinical trials, and input from the American Physical
Therapy Association, an outside technology assessment
firm (Emergency Care Research Institute, whose 313
page 1996 comprehensive report is available on-line™),
the Association for the Advancement of Wound Care,
reports from the Agency for Health Care Policy and
Research, and the Meadical and Surgical Procedures
panel of the Medicare Coverage Advisory Committee
(MCAC). The panel concluded that there was adequate
evidence to draw the conclusion that ES is an effective
adjunctive therapy for chronic non-healing wounds. Their
decision was to allow coverage for ES in chronic wounds
that do not respond to standard care. Interestingly, the
panel specifically did not single out any one type of ES
delivery system, thus allowing this to the discretion of the
practitioner. This decision has the potential to radically
change our approach to wound care, by providing
national coverage for ES as a second-line of treatment
for a large group of patients with venous stasis, diabetic,
arterial, or pressure ulcers. To be able to use this new
therapeutic tool to the patient's full advantage, the
dermatologic community will need to develop treatment
protocols that allow for continued assessment of the
efficacy of this novel modality.

PRECAUTIONS

Adverse effects of ES are rarely reported, and consist
of anecdotal reports of skin irritation or tingling sensation
that is perceived under the electrodes in cccasional
cases. Skin irritation is more likely to be reported when
continuous DC or monophasic PC with long pulse
duration is used. Pain may be experienced in patients
with severe peripheral vascular occlusive disease.

Contraindications

The following conditions are considered to be
contraindications for the use of ES to for wound healing.

Presence of Cancer

It has been recommended that ES not be used in
patients who have concurrent malignancies The concept
expressed is that ES may cause mitogenic activity or
proliferation of the malignant cells™.

Osteomyelitis

Patients with active osteomyelitis have been preclud-
ed from the use of ES. Stimulation of tissue repair may
facilitate premature closure of the wound leading to the
covering of the area of osteomyelitis™. This may also
result in abscess formation.

Implanted electrical devices

Electrical implants and cardiac pacemaker functions
may be disrupted by ES. Use of ES device (TENS) by
Resmussen and assocciates™ to patients with different
cardiac pacemakers was found to be safe.
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Topical substances with metallic ions

Topical substances containing metallic ions used for
wound treatment (e.g. povidone-iodine, zinc, silver sulfadi-
azine etc.) should be cleaned thoroughly before application
of ES™. Heavy metal ions are known to be toxic when
absorbed percutaneously. Direct current has the ability
through the process of iontophoresis fo transfer these
heavy metal ions into the systemic circulation. Thorough
cleaning is therefore mandatory before the use of ES.

Overlying Vital Organs and Nerves

ES is contraindicated in the upper chest and anterior
neck. These areas of the body are very sensitive to any
stimulation because of the presence of certain vital
organs (carotid sinus, phrenic nerve, parasympathetic
nerve and ganglia and the heart)™.

DEVICES

At present, not a single ES device has been approved
or received premarket approval (PMA) by the Food and
Drug Administration (FDA) for wound healing. PMA
requires extensive clinical trials to show safety and effec-
tiveness of the device. Therefore, use of any ES device
at this time is considered “Off Label", for which there is
sanction as part of the practice of medicine®. Indeed, the
CMS decision to allow use of ES for chronic wounds
notes specifically that while currently no devices are
approved by the FDA for delivering ES to cutaneous
wounds, “lack of approval for this particular indication,
does not preclude physicians and other health care
providers from providing this therapy as an off-label
use®" Noting these caveats, Table 5 lists devices that
have been used off-label for ES therapy. Respective
manufacturers were contacted, and those who provided
data are presented in the table. Devices such as Neuro-
muscular Electrical Stimulator (NMES) have specific
FDA applications which include: (a) increase local blood
circulation, (b) reducing edema, (c) preventing retarda-
tion of muscle atrophy and (d) strengthening muscle and
preventing postoperative venous thrombosis. Pain
Management Devices such as TENS have specific FDA-
approved applications, which include (a) relief of both
acute and chronic pain, (b) increase in local and distal
blood circulation and (c) relief of postoperative pain.

Safety of Devices

Extensive safety studies on ES devices for wound
healing have not been performed. To date, there have
been no adverse reactions or complications reported in
any DC studies of wound healing. In PC studies, there
have been 7 cases of uncomfortable tingling, 1 case of
skin irritation and 1 case of excessive bleeding at the
ulcer site reported in 2 studies® %%, AC studies of wound
healing have reported no complications or any adverse
reactions. More rigorous investigation for possible
adverse effects, as required by FDA for approval, needs
to be undertaken.

SUMMARY AND IMPLICATIONS FOR
CLINICAL PRACTICE

The use of ES is currently attracting interest because
of its potential to improve and accelerate wound healing.
In vitro and in vivo studies have shown that ES can
increase both DNA and collagen synthesis, direct epithe-
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lial, fibroblast, and endothelial cell migration into wound
sites, inhibit the growth of some wound pathogens and
increase tensile strength of the wound scar. Animal
studies of ES, with rare exception, demonstrate the
beneficial effect of ES on various aspects of wound
healing. Clinical reports are heavily dominated by case
reports and case series, which are suggestive, but not

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

definitive studies. A number of randomized controlled
trials have demonstrated efficacy of ES for healing of
chronic wounds, with the strongest evidence supporting
its use for pressure ulcers, but inconsistencies in the
protocols used by the different investigators make it diffi-
cult to choose one ES regimen over another. The recent
decision of the Centers for Medicare and Medicaid

Table 1. Effects of ES on Wound Healing in Animal Studies
Author (Referenee #) Animal Waound ES Type Hsult
Assimacopoulos Rabhit Incisional D, 50100 p A Ingrease tensile sirenpgth
KaomikolT ™" Fabhit Full-Thickness excisional DU, XuA Increase tensile strenpth
Bigelow etal * Mat Incisional DU, 6-12 pa Increase tensile strength
Inerease fbroblast mumber and
Taskan et al. ¥ Hal Inncasionsal T, 300 pA wound wensile strength
Samitly et al. ! i Incisional DO, 10-20 mA [icrease i Lemsile strength
Full-Thickness excesional Increase Nbroblast mgrowth and
Dunn et al. ¥ Ciumnea pug collagen spange mmplant D, Z0-100 pA collage algnment
licrease wound contraction and
Cruz et al. ® Pig Burn HWPL, 175V, alpps nurber of fibrohlasis
Castilbo gt al, = Rat Bum Miphasic PC, 40 pA, 67 pps Increase collagen density
Al positive elecimode, morease
Carey and Lepley * Rabhit Ineasiomal D, 200-300 pA PRI and lymphocytes
Mo increase intensile strength
Wu et al ¥ Rabbit lacisional D, 40400 pA over control
[mprovies epithelializaion of
Alvarez eial. ™' Tig Partial-Thickness excisional DC, S0-300 pA superficial skin
Mo sipnificant improvensent in
Trgrwn and Giogia ™ Rabhit Tncisional HVPC, 30-60W, B0 pps waund healing
Enhanee wound elosure. No
Brown et al. * Rabbit Tncisional HVPL, 30-60%, 80 pps increase in tensile strength over
conirol
Inecrease rate of wound closure,
Brown et al Rabbt Full-Thickness incasiomal HWIRL, S0-60% B0 pps Mo incrsse intensile strength
over control
Byletal ® Pigs Imensioneal LVPL, [0 pA, 60%, 1 pps Increase subomtancons oxvgen
Both AC amd T showed
Reger et al™ Pig Expenmental pressuns ulesr AL, T-Liend, 40 pps reduced healing tios . DC
reduced the wound area more
T, 600 pA rapidly than AC bat AC reduced
wound volume mone rapidly
than 0C
Thawer etal ™ Mlice Full-Thickness exersional LWEL, 12.5%, 200pps Inerease rate of wound elosure
Table 2. Direct Current Clinical Studies of Wound Healing
Author Srimulus | Dasage Applicd/Polarity]  Stedy Type | Wound Type Treatment Number of % Paticnts or Other Reparted
Type Ciroup Patiends or Lasions (alcomes
(Reference #) Lesions Healed/ Time
Assimacopoulos ™ D S0-100 p A eathode Uase repaor Wenomss (L L] 1(Kkfwaeks Mol available
Healng mleiwk:
20050 p A Case series Mlind D¢ 75 A0 ek Paraplegic = %.3%
2 hours 2 times'day for Peripheral arierio-
16 woiks; swilch seleratic = 14.4%,
Wolcolr e1al.* e polarity cathode Venous slasis = 14.4%
Oehers = 100%
Cintralateral Healing rate’wk
“Embeddad™ Mlixed | wines.
RECT o L] T5 154wk 27085
Control ] W15Awk R ]
Healing ruteswk:
Regimen similar o Case series Mlined LS a0 484 Tk 4%
Wolcodl el al., except
Gauh and Gaers ™ S polarity revered anly Healing raterwk:
mra “Embodded™ Mlined (0 [] Svdwk In0Ns
BCT
Contrd [ -33dwk 14.7%
I00=T00 pA Healing ruteswk:
Carley & Wainapel L 2 hours 2 times/day. BCT Mot Specifed (b 15 18%
Onherwise regimen Not reporied
similar iy Waolcon ot al, Contrel 13 %
Healmg time (M daysh
Katelaris et al. ™ Do 20 pA feathode Comparative Ve D+ povidone 4
oontrolled Poavied omie I Mot repected 492
DC + saline 3 439
Saline 4 4l

RCT = Bandomized Contralled Trial: DC = Diireet Cusrent, wh = week; M= Mean
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Services to allow reimbursement for ES treatment of large size of the potential market for such devices
chronic ulcers means that the dermatologic practitioner predicts that these devices will rapidly be offered. As the
will likely become maore familiar with this novel treatment number of successful randomized controlled trials
approach, and that wound care centers will include this increases, the use of ES as an adjuvant therapy for
option for recalcitrant ulcers. While no ES devices wound healing will very likely become more widely
dedicated to wound healing are currently available, the accepted by physicians and wound care providers.

Tahle 3. Pulsed Current Clinical Studies of Wound Healing.

Authar Current | Dosage Stwdy Type | Wound Type Tresbment Mumber of o Paticmts or Oither Beported
(Referemce ) Type Group Fatiems or Leshoms Chtenmes
Applied/Polarity Lesiams Heabed Time
B mAm 128 pps Healing rats/ wh:
Feedar et al. ¥ LWPC | drectangular polses of 292 | Dowhle-blind Mixed LWPC 6 (04 ik 14%
m and 132 ps duration) RCT
For M-minales sessions Costred { Sham) 4 ¥4 ufk B253%
BID; cathode inilially; 7
daysak
30,35 or A d 128 Healing raewh
Mulder LWVPC prs fow 3eminute B0 Dranshle-talimd Wlaxed LWVPLC 26 kL
Cathade RCT Mo reported
Cotred (Sham) 24 135
Healling ratewk (%o}
Genizkow et al. ™ LWVPC Regimen similar o Feedar | Dashle-blind Dazcabinus LWPL 21 Alvd wk [
ciald 1% RCT (Stage LTV
Controd { Sham ) 1% 234wk 54

Diecrzase in woand size

1= b
Wood etal, # LVPC 300 pA followed by 6061 Diushle-hlind Dizcabinus LVPC 43 A6 18wk %
WA G 08 ppa Calbide RCT (Stage 11T
Cowtrol | Shamy il 40wk 13%
LY (@ 105 pps, 43- Healing raterak
Klodh and Feedar ** HYPC miraiesday x 3 daysiwk’ Single= hlind Dizcabitus HYI w 175 mks 45%
Anode RCT [Stage IVy
Covired { Sham) T D17 whs 116%
Crossaver i 38%
Adber 20 days
Gruffin et al. ™ HVPC 200% gn 1N} pps far - Single-blind Dizcabitus HVPC 8 37520 days Stage [[ ulcer bealing:
beiday x 20 days’ Cathode RCT {Seage I1LIV) X2 HVPC vs 22 Sham
Controd | Sham )y LS 22 2020 days Stage 111 uleer healing:
145 HVPC vs Q0% Sham
Seage 1V wleer healing:
Nowe for HVPC or Sham
Al day 20
Gogia et al ™ HYIC 250 fm 1Mk pps Far Raie of Healing:
20 mirmietday x 20days’ RCT Mixed HWPL i Mo repomied 4T
Cathods
Whirlpool 3 2%
LVPC = Lenw Valtage Pulsed Cuarmert; HVPC = High Vallage Pulssd Currens: RCT = Randomized Controdled Trinl
Tahble 4. Alternating Current Clinical Studies of Wound Healing,
Author Current | Dosage Study Tvpe | Wannd Type Treatment Mumibier af 4 Paticnls or Orher Reported Oulcomes
(Refercne ¥) Type Giroip Paticars or Lesions
Applied/Polarity Lesions Heabek Time
Kaada ™ Constant squane-wave
TENS pulszs of 13-3) ma 6@ Case repon Mixed TEMS ] T 2D wks Mo reparted
i pps; -d0manudes.
timisdday
Barron et al. ™ Modified baphasic square- Significart difference hetween
TEMS weave; GO0 A, S0V @ 0.3 s serics Decuhitus TEMS [ A% 3 wks meanes of indtial lesion size and

P, 3 sisa0ns, 3 final reponed sizes
Limisilay & 3 wks
Knada & FEmma ™ M), 35, or 40maA Go 128 Wlean healing time = 5.2 wks
TENS pps for 30-minuce, 2 Dloaibde-bilind Lepromaties TEMS 3z 4012 whs
times/day Cathede RCT Lesions
Lumideberg et al. ™ AL {square-wave pulsesy Percentage of uleers healed at-
TEMNS ol 1 ms pulse width i S0 Dioaible-blind Dinbetic uloers TENS iz 42712 wiks Jadks = 0% TENS vs 4% Sham
pps- Carrent sufficient o RCT dwles = 12% TEMS vs 7 Sham
produsce parssthesia- 2. Contred {Sham) 3r 15702 wiks Bwlkes = 25%.TEMS vs 11%Sham
minute, 2 times'day 12wiks = 42% TENS vs 15%
Shaim
Karba et al. ™ Biphasic AC curment of 15 Wascular 3 #5% oflall Wascular lesions = 9% healed
Biphasc 20 maA; 025 mes pulse i siries Mluxed Diecubwius 14 wonnd healed by 1 wiks
AU duration i@ 40 pps, I-br Posiiraumatic 17 (unspecified Decubitus leswons = 1%
‘day Limzh healed by 5.5 whs
Biphazsae AL cusrem of AL i Nornalized healing rate’'day
Stefanovska & Biphasic | 15-2% mA dn 4k ppe. 2 b RCT Decushinus (LS 1% Mot reported F43AC 300 DC 221 Corr,
al ™ AL ‘day Contral K]
Al Asymmeric biphasic Mot reported Healing rate/wh
curena: helow motor
Baker etal ™ Biphasic | rnesponse, 30 pps, 100-ps RCT Diabetic uloers A il A 2%
AC pulse duration. i} 24 B 6%
B: Symumetric biphasic C n (S
cusren: below motar Contral 19 Contral: 17%

respanse, 30 pps, M-
psec pulse durstian.

L Mo currenl: Triad, 1
pulse, 10-psee pulse
duratian

AL = Allemating Current; RCT = Randomized Controlled Trial; TERS = Transeutanceas Electrical Merve Stimuladion
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Table 5. Device Specifications of Electrical Stimulators'
Manufacturer Model Type of Unit Waveforms Amperage | Voltage, Delivery Freguency Intended
Volis Muode Range, He Applicaton
Avra Tronics™ Galvanator PC Monophasic NiA - 500 Pulsed 4-80 Weuwromuscular
TT0 stimulation
Chattanooga™ Intelect HVPC, Monophasic 0=2500 =506 Pulsed, 1-120 Wewromuscular
Legend NMES mh peak interrupted siumulation
Dynawave" Dwnawave Microcurrent Monophasic | Microamp (=500 Pulsed, 1-105 Wewromuscular
Model 12 NMES interrupted stimulation
Electro- Electro- TENS Riphasic 25-60 N/A Pulsed 0.5-3200 Pain management
Medical, Inc™ Acuscope 83 microamp
Electro Accp-0-Matic TENS, Monophasic 20-600
Thcrapcugic microcurent Biphasic ICTOALT 55 peak Pulsed 0.5-320 Pain manapement
Devices
Empi ™ Eclipse+ TENS Biphasic =60 mA NA Pulsed 2-125 Pain management
Rehabilicare™ GV L PC Monophasic | (=700 mA (-350 Pulsed, 1-114) MNeuromuscular
interrupted stimulation
WNeuromuscular
Newro Care N 000 NMES Biphasic 0.1-2.0mA 20-440 Pulsed 47 stimulation, Soft
Ine™ fissue njures,
Decubims ulcers
stage IV, Diabetic
Neuropathy
Staodyn ™ Dermapulse PC Maonophasic =42 mA NA Pulsed 64, 128 Wound management
Universal PGS-3000 PC, NMES Maonophasic NiA (-330 Pulsed 1-104) Neuromuscular
Technology stimulation
Systems,
lnclldl

' Adapted from reference 76.Health Technology Assessment Information Service, Electrical Stimulation for the Treatment of Chronic Wounds ECRI: Emergency Care
Research Tnstitwte, Plymouth Meeting, PA,1-313, 1996 hitpa o cms govicoverage/ download Sh3-iid. pdf
- Pulsed Curvent, HVPC: High Veltage Pulsed Current, NMES: neuromuscular electncal stimulator, TENS: Transcutaneous electrical nerve stimulator.
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