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This article reviews theories linked to endogenous bioelectric
currents and the role they may play in wound repair with fur-
ther appraisal of in vitro and in vivo research related to the ef-
fects of clinically applicable electrical currents on protein
synthesis, cell migration, and antibacterial outcomes. In ad-
dition, studies on the effects of electrical stimulation (ES) on
skin grafts, donor sites, and musculocutaneous flaps in ani-
mals are evaluated, as well as assessments of numerous clini-
cal reports that examined the effects of ES on angiogenesis,
perfusion, PtcO2, and epithelialization. Finally, a plethora of

clinical trials related to the responses of chronic lower ex-
tremity wounds to ES therapy are reviewed, with emphasis on
wounds caused by venous insufficiency, diabetic neuropathy,
and ischemia in patients with and without diabetes mellitus.
A glossary that addresses ES terminology is also included.
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The delivery of electrical current into refractory
wounds for the purpose of enhancing tissue heal-

ing is not new. Several reports from the 17th and 20th
centuries describe the use of electrostatically charged
gold leaf in the treatment of skin lesions associated
with smallpox1 and wounds of various etiologies,2-7 in-
cluding ischemic and venous insufficiency ulcers of
the lower extremity.3,5,6 However, findings from these
studies are indecisive. In 1850, Lente8 was the first to
report on the use of electrical stimulation (ES) to treat
bone fractures. Much later, many credible experimen-
tal and clinical research reports on the use of ES to aug-
ment bone repair9,10 resulted in the US Food and Drug
Administration’s granting approved labeling of electro-
magnetic devices for treatment of nonunion and de-
layed union fractures.11-14 Since the mid-1960s, much

research has been aimed at evaluating the effects of ES
on healing of chronic wounds. Since the number of
published, successful clinical trials has increased ap-
preciably during the past 3 decades, the use of ES for
the treatment of chronic soft tissue wounds has become
more widely accepted in many countries. In 2002 in
the United States, ES was approved for payment by the
Centers for Medicare and Medicaid Services for the
treatment of pressure ulcers and wounds of the lower
extremity caused by venous and arterial insufficiency
and diabetes that have not responded to standard
wound treatment.15

ENDOGENOUS BIOELECTRIC CURRENTS

In the modern age of medicine, health care practitio-
ners from several disciplines use electricity either to
treat illness or injury or to evaluate and diagnose with
countless medical instruments that are electrically
powered. Some common applications of therapeutic
electricity include electroanalgesia for chronic pain
control, pacing devices for regulating nodal activity of
the heart, cochlear stimulation to aid hearing, func-
tional ES to augment purposeful movements in people
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with paralyzed limbs, and ES to enhance wound heal-
ing. That the human body has endogenous bioelectric
systems that produce electrochemical signals is clearly
evident by the action potentials recorded from the
heart (electrocardiogram), brain (electroencephalo-
gram), skeletal muscle (electromyogram) and retina
(electroretinogram) during electrophysiological
evaluation procedures.

Cutaneous Bioelectric Currents: The Skin Battery

Measurable currents that reportedly contribute to
wound healing are also found in the intact and wound-
ed skin of humans, mammals, and amphibians.16-21

Several investigators have reported measuring electro-
negative voltages from the surface of intact skin and
electropositive voltages from the dermis of superficial
wounds.17,18,21 In amphibians, these measurable trans-
epithelial potentials (TEPs) are known to occur as a re-
sult of Na+ channels in the apical membrane of the
skin’s mucosal surface that allow extracellular Na+ to
diffuse to the inside of epidermal cells (see Fig. 1 from
Vanable20). Foulds and Barker19 measured TEPs of hu-
man skin and reported values ranging from 10 mV to al-
most 60 mV depending on the region measured. By
placing a reference electrode in electrical contact with
the dermis and a recording electrode at multiple posi-
tions on intact skin of normal human volunteers, they
demonstrated the presence of a skin battery. They
found that the stratum corneum of all skin sites of all
subjects had an average negative potential of 23.4 mV
(see Fig. 2 from Foulds and Barker19). The skin battery
voltage effect is primarily produced by electrical activ-

ity in exocrine sweat glands.22 Further experimental
evidence supporting the existence of the skin battery
has been demonstrated by applying amiloride (a com-
pound that blocks Na+ channels in the outer epidermal
membrane) of mammalian skin. This results in a dras-
tic reduction of TEPs across the skin, which in turn ei-
ther reduces or abolishes the cutaneous bioelectric
currents.23

Wound Current of Injury

When a wound occurs in the skin, an electrical leak
is produced that short-circuits the skin battery at that
point, allowing current to flow out of the moist
wound.18,20 Natural bioelectric fields present as ionic
currents in injured tissues were first demonstrated in
1830.24 In 1843, Dubois-Reymond25 demonstrated the
existence of wound currents, which more recently
were recorded up to 35 µA/cm2 from the amputated fin-
gers of children17 and 10 to 30 µA/cm2 from induced
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Fig. 1 Diagram of Na+ transporting syncytial epithelium.
Copyright 1989 Wiley-Liss, Inc. From Vanable JW Jr. Integumentary
Potentials and Wound Healing. In: Borgans BB et al., editors, Electric
Fields in Vertebrae Repair. Reprinted with permission of Wiley-Liss,
Inc., a subsidiary of John Wiley & Sons, Inc.

Fig. 2 Average human skin battery potential measured on a typi-
cal person aged 29 years.
Copyright 1983 Blackwell Publishing. From Foulds IS, Banken
AT.Human Skin Battery Potentials and Their Possible Role in Wound
Healing. Br J Dermatol 109:515. Reprinted with permission.



wounds in guinea pigs.18 This “current of injury,” mea-
surable in wounded amphibian skin26,27 where it likely
contributes to wound healing, is sustained in a moist
wound environment and is shut off when a wound
dries out.28 Cheng et al29 have demonstrated that an oc-
clusive dressing applied to wounds in a porcine model
sustained the injury current at 29.6 ± 8.6 mV for 4 days
compared to a significantly lower potential of 5.2 ±
12.6 mV recorded from wounds exposed to air during
the same time period. Their study provides evidence
that the wound current of injury may be sustained with
occlusive, moisture-retentive dressings that contribute
to the enhanced healing rate that occurs under occlu-
sion.30,31 When a wound occurs in the skin, the measur-
able positive injury current flows out of the wound and
is also measurable in a 2- to 3-mm margin of periwound
skin. This lateral voltage gradient falls from a high of
140 mV/mm at the wound edge to 0 mV/mm just 3 mm
lateral to the wound edge.28 McGinnis and Vanable26

have shown that currents escaping through healing
wounds and their accompanying lateral voltage gradi-
ents are gradually reduced and ultimately become
nonexistent due to the resistance created by newly
regenerated epithelium.

EXOGENOUS ELECTRICAL CURRENTS: EFFECTS
ON TISSUE CELLS IN VITRO

Considerable experimental research has contrib-
uted to the expanding body of knowledge that provides
insights into the cellular and physiological mecha-
nisms by which ES enhances wound healing. Numer-
ous studies have investigated how cells respond when
exposed to electrical currents of different amplitudes
and frequencies. Some studies have reported changes
in cell synthesis and metabolism, while others have ob-
served migratory effects of cells exposed to electric
fields. For the benefit of the reader who may need clari-
fication of terms and definitions related to ES, please
see the glossary in the appendix.

Protein Synthesis

Bassett and Herrmann32 delivered a continuous
electrostatic field of 1000 V/cm (see appendix) through
fibroblast cultures and demonstrated a 20% increase in
both DNA and collagen synthesis after 14 days. Bour-
guignon et al33,34 stimulated healthy human fibroblasts
in cell cultures with high-voltage pulsed current
(HVPC). They suggested that the fibroblasts were in-
duced to increase their rate of DNA and protein synthe-
sis, the latter of which increased by 160% over con-
trols. Maximum synthesis occurred with clinically

applicable stimulus parameters of 50 and 75 V and 100
pulses per second (pps) with the cells in close proxim-
ity to the cathode. Voltages in excess of 250 V inhibited
both protein and DNA synthesis. Within the first min-
ute of fibroblast stimulation in vitro using the same
stimulus parameters cited in the previous study, Bour-
guignon et al35 reported an increase in Ca2+ uptake fol-
lowed by upregulation of insulin receptors on the
fibroblast membrane during the second minute of stim-
ulation. When they added insulin to the electrically
stimulated cultures, there was an immediate second
increase in Ca2+ uptake and significant increases in
both protein and DNA synthesis compared to
nonstimulated cells. The significance of the latter find-
ing is that during ES treatment of wounds, if insulin is
available to bind the additional receptors, the
fibroblasts will significantly increase both protein and
DNA synthesis. Transforming growth factor-β (TGF-β)
is also known to play an important role in collagen syn-
thesis. Falanga et al36 have shown that ES upregulates
receptors for TGF-β on human dermal fibroblasts in
culture. Fibroblasts that were exposed to 100 V and 100
pps had receptor levels of TGF-β that were 6 times
greater than those of control fibroblasts.

Cheng et al37 evaluated the effects that occurred in
rat skin following microampere levels of direct current
(DC) stimulation. They reported that 10 to 1000 µA ap-
plied to skin strips 0.5 mm thick at 500 µA for 2 hours
in vitro increased adenosine triphosphate concentra-
tion in the skin 5-fold. They also found that 100 to 500
µA of DC increased amino acid uptake 30% to 40%
above control levels and that 50 µA was required to ob-
tain a maximum stimulation effect on protein synthe-
sis. Other investigators have noted that fibroblasts in a
3-dimensional collagen matrix that were exposed to an
electric field responded by increasing the intake of 3H-
thymidine.38

Based on the findings of these in vitro studies,
possible mechanisms by which ES enhances soft tissue
healing include triggering of the opening of voltage-
sensitive calcium channels in the fibroblast plasma
membrane. Subsequently, upregulation of insulin and
TGF-β receptors on the cell surface may cause in-
creased rates of collagen and DNA synthesis, the latter
of which suggests that fibroblasts are stimulated to
proliferate.

Cell Migration

Several investigators (Table 1) have reported that
cells involved in wound healing migrate toward the an-
ode or cathode of an electric field delivered into the
cell cultures.39-47 This phenomenon known as
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galvanotaxis is the attraction of positively or negatively
charged cells toward an electric field of opposite polar-
ity. For example, macrophage cells that play important
roles during the inflammatory phase of healing migrate
toward the anode,39 whereas neutrophils migrate to-
ward both the anode and cathode.40,41 However,
Dineur42 and Monguio40 have reported that leukocytes
migrate toward the cathode in regions where there is
infection or inflammation, which suggests a link be-
tween chemically mediated events and electrical re-
sponsiveness. There is considerable evidence that the
fibroblast migrates toward the cathode.33,34,43-45 With re-
spect to healing of the skin, investigators have shown
that exogenously applied electric fields of the same
magnitude as those found in mammalian wounds di-
rect the migration of human keratinocytes toward the
cathode.46,47 Two other studies have also provided in-
formation related to galvanotaxis of cells involved in
wound repair.48,49

Two studies investigated the effect of ES on cell mi-
gration in vivo. Eberhardt et al50 evaluated the effects of
exogenous ES on cell composition in human skin and
found that 69% of 500 cells counted 6 hours
poststimulation were neutrophils compared to 45%
found for control wounds. The authors proposed that
the 24% difference in neutrophil percentage was due
to the galvanotaxic effect created by the cutaneously
applied currents. Mertz et al51assessed epidermal cell
migration macroscopically for 7 days following two 30-
minute sessions of monophasic pulsed current stimu-
lation of induced wounds in an ovine model. They ob-
served that wounds treated with the cathode on day 0
followed by the anode on days 1 to 7 demonstrated
20% greater epithelialization compared to wounds
treated with either positive (+9%) or negative (–9%)

polarity alone. In addition, they observed that
alternating polarity daily inhibited epithelialization by
45%.

There are several potential mechanisms by which
ES facilitates cell migration in vivo by galvanotaxis. A
cell may detect an electric field by electrophoretic
movement of proteins within the plasma membrane.
For instance, epidermal growth factor receptors have
been shown to move to the cathode side of
keratinocytes exposed to a DC electric field.52 Other
intracellular sites the electric field may perturb to ef-
fect galvanotaxis are localized membrane
depolarizations that result in changes in calcium ion
fluxes,53 changes in cell shape and cytoskeletal reorga-
nization,54-58 and activation of protein kinases.59,60 As
previously mentioned, the weak electric fields used to
cause galvanotaxis of cells in cell culture or the cur-
rents used clinically to enhance healing of chronic
wounds may mimic the natural electric fields found in
mammalian wounds that guide migration of
keratinocytes.46,47 As a matter of fact, cell migration
findings from some of the in vitro and in vivo studies
previously cited have been used as the basis for select-
ing the anode or cathode in the clinical treatment of
wounds with ES.

ANTIBACTERIAL EFFECTS OF ES IN VITRO AND
IN VIVO

In a recent position document titled Wound Bed
Preparation in Practice, Falanga emphasized the acro-
nym TIME, which addresses the 4 components of
wound bed preparation: Tissue management,
Inflammation and Infection control, Moisture balance,
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Table 1. Galvanotaxic Theory During Phases of Healing

Phase of Healing Effects Cells (Polarity) Current (Polarity) Investigator

Inflammatory Phagocytosis and autolysis Macrophage (–) DC (+) Orida et al39

Neutrophil (–) DC (+) Fukushima et al41

Neutrophil (–) PC (+) Eberhardt et al50

Activated neutrophil (+) DC (–) Dineur42/Monguio40

Proliferative Fibroplasia Fibroblast (+) PC (–) Bourguignon et al33-35

DC (–) Canaday and Lee43

DC (–) Erickson and Nuccitelli44

DC (–) Yang et al45

Remodeling Wound contraction Myofibroblast (+) PC (–) Stromberg48

Epithelialization Keratinocyte (+) DC (–) Nishimura et al46

Epidermal (–) DC (–) Cooper et al 49

PC (–/+) Mertz et al51

PC (+) Greenberg et al107

DC = direct current; PC = pulsed current.



and Epithelial (Edge) advancement.61,62 Although none
of these components can be singled out as being more
important than the other, reducing the bacterial burden
and thereby allowing chronic inflammation to subside
and preventing infection is clearly recognized as an im-
portant requirement in the management of chronic
wounds. Traditionally, systemic antibiotic treatment
is always indicated for cellulitis, lymphangitis, and
osteomyelitis.61 In wounds that exhibit local signs of
infection, antiseptic agents designed to sustain slow-
release formulations of iodine or silver have been
found to reduce bacterial burden safely and
efficiently.63 Unlike topical antibiotics that may cause
allergic reactions, inhibit healing, or cause resistant
strains of bacteria,64 antiseptic agents such as
cadexomer iodine and silver compounds that are deliv-
ered to the wound under controlled conditions are ef-
fective against a wide spectrum of organisms and do
not impair healing, and to date, there are no reports of
allergic reactions or bacterial resistance.65,66

The antibacterial effects of ES have been studied
both in vitro and in vivo, and the results summarized in
Table 2 indicate that ES may impose a bacteriostatic or
bactericidal effect on microbes that commonly colo-
nize or infect wounds. Using milliampere levels of al-
ternating current (AC) and microampere (<1.0 mA) and
milliampere levels of cathodal DC delivered through
platinum electrodes, Rowley67 observed, as would be
expected, that in vitro growth rates of Escherichia coli
were affected very little or not at all by AC while a sig-
nificant bacteriostatic effect occurred with DC. Rowley
indicated that the decrease in growth rate with DC was
not due to a pH change since the cells were maintained
in a buffered condition. Wolcott et al68 observed that
human wounds initially colonized with Pseudomonas
and/or Proteus organisms were pathogen free follow-
ing several days of treatment with microampere levels
of cathodal DC. Motivated by these findings, Rowley
et al69 demonstrated a bacteriostatic effect after deliver-
ing 1.0 mA of cathodal DC for 72 hours to rabbit cutane-
ous wounds infected with Pseudomonas aeruginosa.
Barranco et al70 subjected cultures of Staphylococcus
aureus to DC current at amplitudes of 0.4, 4.0, 40, and
400 µA with stainless steel, platinum, gold, and silver
electrodes. They found that the silver anode electrode
had excellent growth inhibitory capacity on S aureus at
0.4 and 4.0 µA with negligible toxic effects from elec-
trode corrosion, gas production, or pH changes.
Marked growth inhibition occurred with the other 3
electrodes at 400 µA, but at this amplitude, undesirable
pH shifts, electrode corrosion, gas formation, and me-

dia discoloration were noted. Subsequent to this re-
port, numerous studies established that antibacterial
activity occurred in the presence of silver cations de-
posited in vivo or in vitro by low levels of DC.71-78 In
other in vitro studies, investigators found that 100 µA
of DC delivered to cell cultures via a silver wire anode
had a bacteriostatic effect on gram-positive bacteria,
whereas the same current amplitude and polarity pro-
duced a bactericidal effect on gram-negative bacilli.79,80

The authors suggested that differences in cell wall
composition may have been a determining factor in the
effectiveness of the electrically mediated silver
antisepsis. Other investigators have compared in vitro
antibacterial effects of HVPC and DC and found that
HVPC applied at 50 to 800 mA and 100 pps for 30 min-
utes had no inhibitory effects on S aureus, whereas
both anodal and cathodal continuous DC applied at 1,
5, and 10 mA did inhibit S aureus growth.81 The find-
ings from the latter study suggest that the mechanism
by which DC kills bacteria is through electrochemical
pH changes that occur at both poles, specifically an al-
kaline pH at the cathode and an acid pH at the anode.
Electrochemical pH changes have not been shown to
occur at the anode or cathode when HVPC is applied to
human tissues for 30 minutes.82 However, when
Kincaid and Lavoie83 evaluated antibacterial effects of
HVPC in vitro, they observed pH changes only at the
cathode at a dosage of 500 V and at both the anode and
the cathode at 250 V. Szuminsky et al84 attempted to
identify the mechanisms by which HVPC applied at
500 V causes bacterial killing in vitro. They observed
bactericidal effects at both poles but were unable to de-
termine whether the killing effect was due to the direct
action of the current on the organisms, electrophoretic
recruitment of antimicrobial factors, local heat genera-
tion, or pH changes. Although both of the latter studies
demonstrated antimicrobial effects in vitro, it is un-
likely that the high voltages used would be tolerated if
applied to wounds of human subjects. Interestingly, re-
search has shown that antibiotic effectiveness against
biofilm cells is increased in the presence of a weak, in-
termittent electrical field.85,86

In summary, numerous in vitro and in vivo studies
have demonstrated that microampere levels of DC ei-
ther kill or inhibit proliferation of common wound
pathogens. Since there are many silver-impregnated
dressings currently available that passively deliver sil-
ver ions to wounds with the intention of reducing the
bacterial burden, one might speculate that the efficacy
of such dressings may be enhanced by actively repel-
ling the silver ions into the wound with anodal DC.
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ELECTRICAL STIMULATION RESEARCH ON
ACUTE WOUNDS IN ANIMALS

Numerous animal studies have evaluated a variety
of tissue and cellular responses following delivery of
ES into traumatically induced wounds or their
periwound tissues. The most noteworthy response re-
ported is an increase in tensile strength following treat-
ment with cathodal DC at current levels often consider-
ably less than 1.0 mA.87-91 Other studies demonstrated
fibroblast proliferation in the wound along with colla-
gen deposition.92-96 Investigators have also reported
that anodal HVPC enhanced epithelialization more
rapidly than the cathode but had no effect on wound
tensile strength.51,97,98 Three other studies demon-
strated that submotor levels of cathodal HVPC limited
edema formation by blocking macromolecular leakage
from microvessels.99-101

Effect of ES on Skin Grafts, Donor Sites, and
Musculocutaneous Flaps

Several studies have investigated the effects of ES on
skin grafts, donor sites, skin and musculocutaneous
flaps, and angiogenesis in animal models.

Chu et al102 investigated the effects of weak anodal
DC (20-40 µA) delivered through silver nylon dressings
for 5 days in a guinea pig model on (1) healing of
partial-thickness scald burns, (2) split-thickness grafts
taken from these wounds when healed, and (3) the re-
sulting donor sites. Scald wounds in 180 animals
treated with weak DC reepithelialized by 12 days
postburn, whereas only 20 of 40 animals with control
wounds that received sham DC had reepithelialized by
16 days postburn. Split-thickness grafts taken from the
healed scald wounds showed more rapid revascular-
ization with DC treatment than did control grafts.
Grafts and donor sites treated with DC showed more
rapid reepithelialization, decreased contraction, im-
proved hair survival, and decreased dermal fibrosis
compared to controls not treated with DC. Only donor
wounds treated with DC could be repeatedly harvested
as donor sites for successful split-thickness autografts.
The authors proposed that DC treatment might limit
the extent of tissue destruction as evidenced by DC-
treated wounds having less inflammation, granulation
tissue, and fibrosis than control wounds.

Politis et al103 also used microampere DC to deter-
mine if ES could improve the posttraumatic quality of
dermis and epidermis in full-thickness skin grafts in
rats. Using an ES device that delivered 4.5 µA of DC for
3 days, they studied the effects of 3 surgically im-
planted electrode configurations: anode on top of the

graft, cathode on top of the graft, and an inactive elec-
trode on top of the graft. Quantitative and histologic
assessment on the seventh postoperative day revealed
the presence of necrotic skin in 80% to 90% of graft
surface areas in animals treated with cathodal stimula-
tion and control animals that received no current. In
animals treated with anodal DC, only 50% of the graft
area was necrotic, and the significantly thicker dermis
had multilayered patches of intact epidermis.

Two other studies investigated the effect of ES on the
survival of ischemic skin104 and musculocutaneous
flaps.105 Im et al104 stimulated the ischemic central por-
tion of bipedicle skin flaps in pigs with a monophasic
pulsed current (PC) at 35 mA, 128 pps, and a pulse du-
ration of 140 µs for 30 minutes twice daily for 9 days
following skin flap elevation. The skin flaps were stim-
ulated with the cathode on postoperative days 1 to 3,
with the anode on days 4 to 6 and the cathode on days 7
to 9. Two control pigs received sham ES treatment, and
2 others received no treatment. The length of viable
flap and the extent of skin necrosis were measured
on postoperative day 21. The mean area of skin flap ne-
crosis was 28% in control animals and 13.2% in ES-
stimulated animals (P < .001). The authors proposed
that the initial 3 days of cathodal treatment might have
prevented severe ischemia by blocking sympathetic
vasoconstriction and also might have negated ischemia
reperfusion that could have occurred in the transition
zones of the skin flap. They also theorized that anodal
stimulation of the flap in the later stages of tissue repair
might have prevented tissue injury by scavenging
superoxide radicals.

The other study that evaluated the effect of ES on
flaps used a PC device (transcutaneous electrical nerve
stimulation) with an unspecified waveform and pa-
rameters that are customarily used to suppress
musculoskeletal pain.105 In that study, 10 groups of rats
received different current amplitudes (mA) and pulse
frequencies for postoperative treatment of
musculocutaneous flaps. A highly significant differ-
ence (P < .001) was noted between the group with the
highest percentage of flap survival (94.6%) that re-
ceived high-intensity (20 mA), high-frequency (80 pps)
stimulation delivered to the base of the flap for 3 days
and the other groups. Also a significant difference (P <
.001) in flap survival occurred when high-intensity (20
mA) treatment was compared with low-intensity (5
mA) treatment. Flap survival was not related to the ES
frequency used. In summary, the evidence cited from
animal studies suggests that ES facilitates survival of
failing skin grafts and musculocutaneous flaps. Clini-
cal studies are needed to substantiate the findings from
these animal studies.
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CLINICAL RESEARCH

Augmentation of Wound Angiogenesis by ES

Two studies have reported increased blood flow sec-
ondary to increasing capillary density in human
wounds treated with ES. Junger et al106 reported a mean
increase of 43.5% in capillary density in venous leg ul-
cers of 15 patients whose wounds had not improved af-
ter several months of standard care. They treated the
wounds with monophasic PC for 30 minutes daily for a
mean of 38 days. The monophasic PC with a 140 µs
pulse duration delivered a weak DC component having
an average current of 630 µA at 128 pps or 315 µA at 64
pps. For the first 7 to 14 days, they delivered 630 µA of
current to the wounds via the cathode then switched
the treatment electrode polarity to positive for 3 to 10
days. After this time, the polarity was changed back to
negative. When the wound had made significant clini-
cal progress toward healing, they reduced the current
amplitude to 315 µA. Capillary density as observed by
light microscopy improved from a prestimulation
baseline of 8.05 capillaries/mm2 to 11.55 capillaries/
mm2 poststimulation (P < .039). In addition, the inves-
tigators also measured PtcO2 in the periwound skin
prior to and following the ES treatments. They found
that oxygen tension increased from 13.5 to 24.7 mm Hg,
respectively (normal is >40 mm Hg), and that skin
perfusion increased as determined by laser Doppler
fluxmetry.

Angiogenesis was also observed to increase in a pi-
lot study by Greenberg et al.107 They used the same
pulsed ES device used in the study by Junger et al106 to
evaluate the effects of polarity on epithelialization and
angiogenesis in burn wounds of pigs. They found that
reepithelialization began 2 days earlier in wounds
treated with the anode when compared with the results
of cathode-treated wounds and control wounds. In ad-
dition, prominent neovascularity was seen on day 10
in wounds treated with negative versus positive polar-
ity. The finding of earlier reepithelialization agrees
with findings of Mertz et al51 described earlier, who ob-
served that pig wounds treated with the cathode on day
0 and the anode on days 1 to 7 enhanced
epithelialization by 20% compared to wounds treated
with either positive or negative polarity alone. The en-
hancement of epithelialization with positive polarity
also supports the galvanotaxis theory and the studies
that have reported enhanced epidermal cell migration
toward the anode.49,51,107

Improvement of Tissue Oxygenation With ES

There is growing evidence from human subject stud-
ies that ES facilitates a temporary increase in local tis-
sue oxygen tension. It is commonly recognized that
cells involved in tissue repair require oxygen to func-
tion most efficiently. Cells become inefficient in
hypoxic tissue environments and die in anoxic envi-
ronments. While oxygen is needed for the survival of
cells involved in wound healing, bacterial cells, which
have detrimental effects on wound-healing processes,
are adversely affected by elevated levels of tissue oxy-
gen. Indeed, a reduction in tissue oxygen partial pres-
sure decreases resistance to infection by impairing oxi-
dative killing of bacteria by neutrophils.108

Gagnier et al109 assessed the effects of ES on the
transcutaneous partial pressure of oxygen (PtcO2) in 30
individuals with spinal cord injury (SCI). Ten patients
were assigned to each of 3 groups that received ES ei-
ther by a positive or negative monophasic paired-
spiked waveform or by a symmetric biphasic square
waveform. All 3 groups received submotor stimula-
tion. Thirty minutes before ES, during 30 minutes of
ES, and 30 minutes after ES was stopped, the PtcO2 was
recorded and compared with the prestimulation base-
line. The PtcO2 increased considerably compared with
prestimulation values in each of the 3 groups both dur-
ing and after ES. However, the differences in PtcO2

changes found among the 3 different ES waveform
groups were not statistically significant. The authors
suggested that all 3 waveforms and the protocol they
described could be used with SCI subjects to increase
local PtcO2 to facilitate wound healing.

To further study the effects of ES on cutaneous oxy-
gen levels, Dodgen et al110 enrolled 10 diabetic patients
and 20 age-matched normal subjects to participate in 3
sessions of ES. They delivered current from mono-
phasic, paired spikes through the cathode placed over
the gastroc-soleus muscle group at submotor stimulus
amplitude. They also delivered an asymmetric
biphasic (balanced) waveform via the cathode placed
over the gastroc-soleus with the amplitude set just be-
low muscle contraction or adequate enough to elicit a
1+ level contraction. Transcutaneous oxygen levels
(PtcO2) were measured by oximetry for 30 minutes
prior to ES, during a 30-minute ES session, and for 30
minutes after the session. The older normal subjects
demonstrated increased PtcO2 following 30 minutes of
ES regardless of the waveform or level of stimulation
used. This increase continued for 30 minutes after ES
ended. On the other hand, diabetic subjects showed no
significant increases in PtcO2 following 30 minutes of
ES but did show significant increases in PtcO2 30 min-
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utes after ES ended. Perhaps the delayed response in
the diabetic subjects may be attributed to neuropathic
changes compromising sympathetic vasomotor control
and/or to sensory nerve dysfunction compromising
conduction of sensory afferent impulses. In a study by
Peters et al,111 diabetic patients with impaired vascular
function who had 1 foot and distal leg treated with
subsensory ES delivered through a silver mesh sock for
60 minutes on 2 consecutive days did not have the de-
layed response to an increase in PtcO2 reported by
Dodgen et al.110 On the contrary, patients in the former
study showed a significant increase in perfusion in the
stimulated extremity, reflected by a significant in-
crease in PtcO2 after 5 minutes of ES. These results sug-
gest that ES increases cutaneous oxygen saturation sec-
ondary to increasing local perfusion in diabetic
subjects. Hence, ES may be useful in augmenting
wound healing in diabetic and other patient
populations, such as the elderly and persons with SCI,
known to have difficulty healing chronic wounds (eg,
pressure ulcers and leg ulcers due to vascular
compromise).

The effect of ES on PtcO2 has also been studied in in-
dividuals with SCIs. It is widely accepted that SCI pa-
tients have an altered autonomic nervous system.
Some evidence also suggests that a decrease in the
number of adrenergic receptors in the skin may occur
below the level of the spinal cord lesion.112 The re-
duced number of adrenergic receptors could in turn
cause abnormal vascular responses in the skin below
the level of SCI. Other investigators have determined
that the PtcO2 in the skin over the sacrum113,114 in the su-
pine position and the tibia115 is lower in persons with
SCI than in able-bodied individuals. This evidence in-
directly suggests that the abnormal vascular responses
in the skin below the level of the spinal cord lesion may
reduce cutaneous blood flow, thereby lowering tissue
oxygenation and predisposing the tissues to pressure
ulcer formation.

Mawson and associates116 specifically investigated
the effect of ES on PtcO2 in the sacral skin of SCI pa-
tients at high risk of pressure ulcer development in this
area. The objective of their study was to determine
whether HVPC stimulation could increase sacral skin
PtcO2 in SCI persons lying prone and supine. The nor-
mal range for PtcO2 is 60 to 100 mm Hg.114 In one group
of 3 subjects (2 incomplete quadriplegics and 1 com-
plete paraplegic), they applied ES with subjects lying
prone for two 60-minute sessions a few days apart. The
cathode was placed at spinal level T6, and the anode
was placed at L2. During the first session for each sub-
ject, ES parameters were set at 50 V and 10 pps. During
the second session, parameters were set at 75 V and 10

pps. Following a 5-minute baseline recording, PtcO2

was recorded at 5-minute intervals during each 60-
minute stimulation period and during a 20-minute
poststimulation period. For all 3 subjects in the prone-
lying position, they found that stimulation with HVPC
led to a sustained, dose-related increase in PtcO2 at the
sacrum. The increase was more dramatic in 2 subjects
with baseline PtcO2 values at or below the lower end of
the normal range. The authors noted that stimulation
with 100 V had no additional incremental effect on
PtcO2 levels above that achieved with 75 V. In a second
group of 29 SCI subjects lying supine, HVPC was ap-
plied with the cathode (polarity assumed) positioned
at spinal level T6 and the anode at T12. Prior to ES,
PtcO2 was recorded from sacral skin at the end of a 15-
minute baseline period. The ES parameters used in-
cluded 75 V, 10 pps delivered for 30 minutes followed
by a 15-minute poststimulation period of 15 minutes.
After 30 minutes of ES, PtcO2 increased 35%, from a
baseline of 49 mm Hg to 66 mm Hg (P < .00001).
This level fell slightly to 63 mm Hg by the end of the 15-
minute poststimulation period. The investigators
hypothesized that ES may be able to prevent develop-
ment of pressure ulcers by restoring sympathetic tone
and vascular resistance below the level of the cord le-
sion, resulting in an increase in perfusion to the cutane-
ous capillary beds.

CLINICAL TRIALS INVOLVING LOWER
EXTREMITY CHRONIC WOUNDS

Chronic wounds of the lower extremities due to ve-
nous and arterial insufficiency, diabetes mellitus, ath-
erosclerosis, or small-vessel disease affect nearly 1% of
the general population and up to 10% of people who
are in health care facilities.117 Seventy percent to 90%
of leg amputations are due to vascular ulcers, and foot
ulceration and infection are primary causes of hospi-
talization among individuals with peripheral vascular
disease due to diabetes mellitus.118 Chronic wounds
owing to venous insufficiency represent between 70%
and 90% of chronic lower extremity ulcers. In the
United States, costs related to the management of these
wounds on an outpatient basis have been reported to be
as high as $2500 per ulcer for a 4-month period.119 A va-
riety of therapeutic interventions are available to treat
wounds of the lower extremity including topical and
systemic antibiotics, topical antiseptics and dressings,
compression bandages, hyperbaric oxygen, negative
pressure wound therapy, biologically engineered skin
substitutes, growth factors, and electrical stimulation.

Many reports uphold the use of ES for enhancing the
healing of chronic wounds.68,120-151 Numerous random-
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ized controlled clinical trials have demonstrated
that ES combined with standard wound care im-
proves the healing rate of chronic pressure ulcers
more than standard wound care alone.* Twenty-two
other studies have investigated the effects of ES on
lower extremity wounds. Of these studies, 6 in-
cluded ulcers due to mixed etiologies.68,124,128,136-138

The remaining studies included ulcers caused by ve-
nous insufficiency,106,139-141 wounds related to non-
ischemic diabetic neuropathy,142-145 and diabetic ische-
mic wounds.111,133,146,147,149-152

ES Studies on Venous Insufficiency Wounds

In reviewing the clinical studies related to treatment
of recalcitrant human wounds with ES, one finds that
many of them are designed to compare healing of
wounds treated with active ES plus standard care,
against healing of control wounds treated with placebo
ES plus standard care. In other studies, patients whose
wounds were treated with ES served as their own his-
torical controls. Regardless of study design, most treat-
ment protocols applied ES to wounds only for 30 to 60
minutes, 5 to 7 days per week. During the remaining 23
hours of each protocol day, investigators were ethically
bound to provide local wound treatment consisting of
standard wound care alone.

The clinical research support for the use of ES in
augmenting the rate of healing of venous ulcers is lim-
ited. Assimacopoulos139 was the first to report using ES
(microampere DC) on venous leg ulcers of 3 individu-
als whose wounds had not responded to previous treat-
ments. He suggested that ES might be beneficial in
managing these wounds. In a study of wounds having
mixed etiologies, Wolcott et al68 also used micro-
ampere DC to treat venous leg ulcers on 15 patients.
They reported that after 6 weeks of daily ES treatment
that totaled 6 hours, the mean healing rate per week
was 14.4%, which resulted in a mean volume reduc-
tion of 85%. As previously mentioned, Junger et al106

investigated the effect of ES on wound healing and
angiogenesis. They treated 15 venous leg ulcers that
had failed to show significant evidence of healing with
standard compression therapy over a mean period of
79 months. After a mean of 38 days of wound treatment
with daily ES for 30 minutes, the mean ulcer area de-
creased 63% (P < .01) from 16 cm2 to 6 cm2. Katelaris
et al140 reported negative outcomes on healing of ve-
nous leg ulcers assumably because they treated the
wounds with a combination of ES and povidone io-
dine, which is known to have cytotoxic effects. Franek

et al141 enrolled 79 patients into a study that compared
the effects of HVPC, topically applied medications, and
the Unna boot on the healing of chronic venous leg ul-
cers. In addition to being treated with one of these in-
terventions, wounds of all patients were managed with
dressings and compression bandaging. They random-
ized 65 patients to have their ulcers treated either with
HVPC (n = 33) or topical medications (n = 32). A subset
of 14 patients who served as controls had their ulcers
treated with the Unna boot. At the outset of the study,
all groups were identical with respect to patient and
wound characteristics. HVPC was delivered directly to
wounds through saline moist gauze for 50 minutes 6
days per week for an average of 7 weeks. Initial polarity
of the treatment electrode was negative (1 to 3 weeks) to
rid the wound of slough and pus, after which the polar-
ity was switched to the anode. All groups showed a sig-
nificant decrease in wound size compared to baseline
measurements (P < .001). The rate of wound area
change was greatest in the group treated with HVPC,
but there were no statistically significant differences
between the groups. The rate of pus clearance and the
degree of granulation tissue development after 2 weeks
was significantly greater for wounds treated with
HVPC (P < .003). The authors concluded that HVPC
was an efficient treatment for the enhancement of ve-
nous leg ulcer healing. In another recent study de-
signed as a randomized, double-blind prospective clin-
ical trial, Houghton et al138 separated 27 subjects with
42 chronic leg ulcers (wound age longer than 3 months)
into subgroups according to primary etiology of the
wound (diabetic, venous insufficiency, arterial insuffi-
ciency). They then randomly assigned the patients to
wound treatments with active HVPC (150 V, 100 pps,
100 µs pulse duration) or sham HVPC for 45 minutes, 3
times weekly for 4 weeks. Negative polarity of the ac-
tive electrode placed on saline moist gauze over the
wound was used throughout the 4-week treatment pe-
riod. During the days when wounds were not treated
with ES, they were treated with standard care based on
wound etiology. The results for all wounds demon-
strated that active HVPC applied over the 4-week pe-
riod reduced the wound surface area to nearly one half
of its initial size, which was more than 2 times greater
than occurred in wounds treated with sham ES (P <
.05). After the 4-week protocol, in 7 patients with bilat-
eral venous ulcers, there was also a statistically signifi-
cant difference in wound size between ulcers treated
with active ES and sham ES (P < .05). Using the Pres-
sure Sore Status Tool, the investigators also compared
wound appearance between pretreatment, post-
treatment, and a 1-month follow-up assessment. They
found that active ES produced a statistically significant
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improvement in wound appearance compared with
sham-treated wounds (P < .05).

ES Studies on Wounds Caused by Nonischemic
Diabetic Neuropathy

Electrically induced acceleration of the closure of
wounds caused by nonischemic diabetic neuropathy
has been demonstrated in 4 studies, including 2 ran-
domized controlled clinical trials.142-145 Alon et al142

used HVPC to treat 15 neuropathic diabetic foot ulcers
and reported that 12 wounds (80%) healed completely
in a mean period of 2.6 months with anodal stimula-
tion applied for 1 hour, 3 days a week. In a randomized
controlled trial, Lundeberg et al143 evaluated the effect
of biphasic asymmetric PC on wound healing. Sixty-
four patients with chronic diabetic neuropathic foot ul-
cers were randomized to receive either active ES (pa-
rameters not given) or sham control ES for 20 minutes
twice a day for 12 weeks in addition to standard wound
care. Polarity of the treatment electrode was changed
each session. After 12 weeks, there was a statistically
significant treatment effect based on the closure of 42%
of wounds in the active ES group compared to 15% of
the controls (P < .05). Baker et al144 conducted a ran-
domized trial involving 80 individuals with diabetes
and 114 open wounds. Wounds were randomized to be
treated either with symmetrical or biphasic asymmetri-
cal PC plus standard care or with standard care alone.
The authors demonstrated that both waveforms com-
bined with standard care enhanced the wound-healing
rate by nearly 60% over control wounds treated with
only standard care. One other randomized, double-
blind, placebo-controlled, 12-week trial investigated
the effect of HVPC as an adjunct to healing diabetic foot
ulcers.145 Forty patients with diabetic foot ulcers and
loss of protective sensation due to neuropathy were
randomized to active HVPC and sham HVPC. At the
outset of the study, there were no significant differ-
ences between active and sham ES groups in patient
characteristics and clinical variables. Active (sub-
sensory) ES was delivered to the ipsilateral lower ex-
tremity (leg segment) at 50 V, 80 pps, and pulse dura-
tion of 100 µs via a Dacron-mesh silver nylon stocking
worn nightly for 8 hours. Protocol adherence was strat-
ified into compliant patients who used the ES device
for 20 hours or more a week on average and non-
compliant patients who used the ES device less than 20
hours per week. Following 12 weeks of the research
protocol, 65% of the wounds in the active ES group
closed compared with 35% of wounds in the sham ES
group (P = .058). Regarding compliance, significant dif-
ferences were found among patients in the active ES

group (71% closed) compared with 50% closed among
noncompliant patients in the same group. In the sham
ES group, 39% of compliant patients’ wounds closed
compared with 29% of noncompliant patients’
wounds (P = .038). The authors concluded that ES
enhances the healing of diabetic foot ulcers when used
adjunctively with weight off-loading and local wound
care.

ES Studies on Lower Extremity Ischemic Wounds

Several clinical trials designed to evaluate the ef-
fects of ES on lower extremity wounds caused by
ischemia have reported positive outcomes. In a case re-
port, Thurman and Christian146 attributed healing of a
purulent septic abscess on the foot of a 43-year-old
woman with juvenile-onset diabetes mellitus to HVPC
treatment. Cutaneous electrodes were applied adjacent
to the abscess, and mild pulsating muscular contrac-
tions were elicited twice daily. The authors reported
that blood flow increased, the abscess resolved, and the
wound went on to heal, averting possible amputation
of the distal extremity. In 1995, Debreceni et al147 re-
ported results of treating 24 individuals (10 diabetic)
with chronic ischemia of the lower extremities with
biphasic symmetrical PC. Of the 24 subjects, 12 had
ischemic ulcerations on the distal legs and feet, and 6
either had beginning or advanced distal gangrene. All
subjects had been treated with antiplatelet drugs,
pentoxifylline, and vasodilating drugs over a period of
5 to 6 years. Under this treatment regimen, all of the
subjects were experiencing progressive deterioration
of their ischemic lower limbs. Although subjects were
continued on their drug therapies, ES was adminis-
tered in addition for 20 minutes daily with 1 electrode
applied over the peroneal nerve near the head of the
fibula with the other electrode placed between the first
and second metatarsals of the involved extremity. The
pulse frequency was set at 1 to 2 pps at an amplitude of
15 to 30 mA, which elicited rhythmical, painless mus-
cle contractions between the electrodes. Over a period
of 1 year, 20 of 24 subjects reportedly made significant
progress, including the disappearance of ischemic
pain, halting of gangrenous progression, and complete
healing of ulcerations. In addition, following ES, pain-
free walking distance increased from a mean of 87.5 m
to 421.25 m (P < .001), and oxygen saturation measured
on the toes increased from 73.46% to 95.46% (P < .05).
The latter effect may have occurred as a result of im-
proved cutaneous microcirculation during ES. In sup-
port of this response, Kaada et al148 have shown that the
concentration of vasodilation inducing vasoactive in-
testinal polypeptides increases in the plasma during ES.
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As mentioned earlier in the section on enhancement
of tissue oxygenation, Peters et al,111 using transcutan-
eous oximetry and laser Doppler flowmetry, demon-
strated a significant increase in perfusion in the lower
extremities of diabetic patients with impaired vascular
function who had 1 foot and distal leg treated with
subsensory ES delivered through a silver mesh sock for
four 60-minute periods. In patients with transcutan-
eous oximetry values <40 mm Hg, a significant but
transient increase in tissue oxygenation occurred dur-
ing the first 5 minutes of ES. These results suggest that
ES increases cutaneous oxygen saturation subsequent
to increasing local perfusion in diabetic subjects.

Since 2002, Goldman et al149-152 have published 4 in-
teresting articles related to salvaging the ischemic
lower extremities with HVPC stimulation. In a case se-
ries, they instructed 6 adult patients to use HVPC at
home to treat their critically ischemic (defined as
TcPO2 < 10 mm Hg), nonsurgical, malleolar, or infra-
malleolar wounds, which had a mean TcPO2 of 2 ± 2
mm Hg at the wound edge. After ES began, periwound
TcPO2 increased exponentially until it exceeded 20
mm Hg about 40 days into the protocol and the rate of
healing turned positive. The researchers suggested that
cutaneous microcirculation improved secondary to a
statistically significant increase in mean TcPO2 of
periwound skin to 33 ± 18 mm Hg. Wounds of 4 pa-
tients healed after 207 days of ES, and 2 patients under-
went amputation.149 In another report, they used HVPC
to reverse a rapidly expanding ischemic, cutaneous
gangrene on the left posterior calf of a patient with end-
stage renal disease.150 Hypoxia was verified by TcPO2 ≤
20 mm Hg with calf periwound TcPO2 of 20 mm Hg and
12 mm Hg at the heel. To the patient’s calf wound, ne-
crotic heel, and fourth toe, home caregivers applied
cathodal HVPC 1 hour daily, 5 to 7 days per week at 150
V and 100 pps. While not receiving ES, the lesions were
treated with standard care for ischemic wounds. Both
the left calf and heel wounds closed 250 and 234 days,
respectively, after beginning ES therapy. During the ex-
tended treatment period, the transition to positive
healing rate occurred coincident with an increase in
periwound TcPO2 from 20 to 50 mm Hg (calf) and 15 to
50 mm Hg (heel). In a 5-year retrospective observa-
tional study, Goldman et al151 continued their investi-
gations to determine if HVPC augments ischemic
wound healing and increases periwound perfusion.
The study was conducted on successive patients with
ischemic lower extremity wounds who were poor can-
didates for revascularization. One group of 11 patients
had HVPC applied directly to their wounds at >100 V,
100 pps, 1 hour daily in addition to 23 hours of stan-
dard wound care. A second group of 11 patients with

ischemic wounds had their wounds treated with stan-
dard care alone. Outcome measures included the
planimetry of wound areas, digital wound appearance,
and TcPO2 monitoring of microcirculation. The group
treated with HVPC plus standard care had smaller
wound areas from weeks 20 through 52 after the start of
treatment compared with the group that received stan-
dard care alone (P < .05). One year after initiating treat-
ment, 90% of HVPC-treated wounds were healed, com-
pared with 29% of the wounds that were treated with
standard care alone. For the HVPC group, maximum
TcPO2 improved from 6 ± 8 mm Hg at baseline to 26 ± 20
mm Hg (P < .05). These results suggest that HVPC facili-
tates microcirculation and the healing of ischemic
wounds.

Continuing their clinical research to determine if
HVPC augments ischemic wound healing and in-
creases periwound microcirculation, Goldman et al152

conducted a prospective, randomized, single-blinded,
sham-controlled clinical pilot study on a homogenous
subset of patients with infrapopliteal ischemic
wounds. For the purpose of their study, they defined
ischemia as periwound TcPO2 <20 mm Hg, which they
considered the threshold below which healing is not
favorable. Eight patients were enrolled with ischemic
wounds at or below the knee, periwound TcPO2 <20
mm Hg, with wounds open for at least 4 weeks before
enrollment in the study and arteriosclerotic disease
confirmed by magnetic resonance angiography, pulse
volume recording, or angiogram. Patients were ran-
domized to have their wounds treated with active or
sham HVPC. Active HVPC or sham HVPC was applied
at home 1 hour per day, 7 days per week, for 14 weeks.
Wounds were monitored at regular intervals for wound
area, wound appearance, and microcirculation, which
was measured by TcPO2 and laser Doppler flow. After 4
weeks, wounds treated with sham HVPC increased in
area by 50%, which was expected since ischemic
wounds tend to increase in size. During the same pe-
riod, wounds treated with active HVPC underwent a
significant decrease in size (P < .05). After week 4,
wounds in both groups demonstrated positive healing
rates, but the healing rate in the control group contin-
ued to lag behind the healing rate for the active HVPC-
treated wounds during the remainder of the 14-week
period.

Based on the present evidence from clinical trials,
ES used adjunctively with standard care is reported to
enhance the healing of lower extremity wounds of ve-
nous, arterial, and neuropathic etiologies. Table 3 sum-
marizes several of the clinical studies in which ES has
been used to assess its effect on healing chronic
wounds of the lower extremity.
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APPENDIX
Glossary: Electrical Stimulation Terminology and Types of Therapeutic Currents

Reviewers and readers of the wound-healing literature re-
lated to electrical stimulation (ES) often state that they are
perplexed by the different types of current and stimulation
parameters described in publications, which makes it diffi-
cult to evaluate studies and draw conclusions related to effi-
cacy. A primary reason for this confusion may stem from a
lack of standardization of ES terminology. To ease the reader’s
bewilderment, terminology related to ES and the types and
characteristics of therapeutic electrical currents are pre-
sented here as adapted from a monograph published by the
Section on Clinical Electrophysiology of the American Physi-
cal Therapy Association.153

Electrical Terms and Definitions

Charge: Electrical charge is a fundamental property of
matter. Matter either has no net charge (electrically neutral)
or is negatively or positively charged. The fundamental parti-
cle of negative charge is the electron (e–). Charge is measured
in specific quantities of electrons called coulombs (Q). The
quantity of charge delivered to tissues by ES is measured in
microcoulombs (µQ).

Charge Density: This is a measure of the electrical charge
present on the surface of a treatment electrode and is in-
versely related to electrode size. For wound treatment, since
the amount of charge on the electrode surface area is rela-
tively small, charge density is likely to be expressed as µQ/
cm2.

Electrodes: Electrodes are the conductive elements of an
electrical circuit that are applied to the body for the purpose
of transferring electrical charge into the tissues. For delivery
of current into tissues, a minimum of 2 electrodes is required.
The negative electrode or cathode (–) attracts positive ions
(cations), while the positive electrode or anode (+) attracts
negative ions (anions) in the tissues. Electrodes consist of car-
bonized silicon, conductive polymers, or aluminum foil
placed in contact with saline moist gauze.

Polarity: Polarity is the property of having 2 oppositely
charged poles or electrodes. At any given time while current
is flowing, one electrode is relatively more positive while the
other is relatively more negative. When the cathode and an-
ode have sufficient charge, they may cause undesirable elec-
trochemical burning of tissues due to pH changes of NaOH
and HCl, respectively.

Electrical Circuit: An electrical circuit used for wound-
healing treatment consists of at least 2 lead wires, one of
which is connected to the cathode terminal and the other
connected to the anode terminal of an ES device. The patient
end of each lead is connected to an electrode that is applied to
the patient.

Voltage: The electrical force capable of moving electrons
or ions between 2 points of a conductor is the voltage or po-
tential difference between the 2 points. The voltage between
the 2 points (eg, 2 electrodes on the body) is created by the
separation of charges between them, such that one electrode

has an excess of negatively charged electrons or ions com-
pared with the other. The 2 electrodes are polarized with
respect to one another, one being negative and the other
positive.

Current: The rate of flow of charged particles (electrons or
ions) through a conductive medium past a specific point in a
specific direction constitutes electrical current. Current flow
in a metal wire occurs as a result of the flow of electrons,
whereas current flow in tissues is carried by ions (eg, Na+, K+,
Cl–). The unit of measure of current is the ampere (A), which
represents the movement of 1 coulomb of charge per second.
Exogenous currents used for wound treatment that are in-
tended to mimic bioelectric tissue currents may be delivered
to the tissues either in the milliampere (mA) or microampere
(µA) range of current amplitude. When a unidirectional cur-
rent flows in the circuit, positive-charge carriers in the tissues
(Na+, K+, or H+) and cells (fibroblast and activated neutrophil)
migrate toward the cathode while negative charge carriers
(Cl–, HCO3

–, P–) and cells (epidermal, macrophage, neutro-
phil) migrate toward the anode.

Resistance: As electrons and ions (charged particles) flow
in metallic and biological conductors, respectively, their
movement is impeded by collisions with other charged carri-
ers and by the inherent properties of the substance. Thus, re-
sistance is the opposition to the flow of current. A conduc-
tor’s resistance is 1 Ω if a potential difference of 1 V causes 1 A
to flow through it. This is one form of the Ohm Law, which
states R = V/I.

Waveform: A waveform is a visual representation of volt-
age or current on an amplitude-time plot. A waveform repre-
sents a picture of an electrical event that begins when the cur-
rent or voltage leaves the zero (isoelectric) baseline in one
direction then, after a finite time, either returns to and stops at
the same baseline (monophasic waveform) or crosses the
baseline in the opposite direction and ends when the voltage
or current returns again to the baseline (biphasic waveform).

Phase: This term describes an electrical event that begins
when the current (or voltage) leaves the isoelectric line and
ends when it returns to the baseline.

Phase/Pulse Duration: Phase duration is the time in mi-
croseconds or milliseconds between the beginning and the
end of 1 phase of a pulse. Pulse duration is the time in micro-
seconds or milliseconds between the beginning of the first
phase and the end of the second phase that may include the
interphase interval within 1 pulse.

Pulse Frequency: This term describes the number of
pulses per second (pps) for a pulsed current or the number of
cycles per second for alternating current.

Types and Characteristics of Therapeutic Currents

Although there are 2 basic types of currents, which in-
clude direct current (DC) and alternating current (AC), a third
type of current (pulsed current [PC]) has been adopted by the
Section on Clinical Electrophysiology (SCE) of the American
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Physical Therapy Association153 as an additional therapeutic
current. The reason the SCE adopted PC is to provide clearer
descriptions of pulsed waveforms that are delivered by the
majority of electrotherapeutic devices used by clinicians.
The adoption of PC is not meant to imply that there is an addi-
tional type of basic current.

Direct Current: DC (sometimes referred to as galvanic cur-
rent) is the continuous, unidirectional flow of charged parti-
cles for 1 second or longer. In the tissues, the direction of DC
flow is determined by the polarity selected, with negatively
charged ions moving toward the anode and positively
charged ions moving toward the cathode.153 Once selected,
electrode polarity remains constant until it is changed manu-
ally on the ES device. Continuous DC has no pulses and
therefore no waveform. When DC is delivered to a solution or
to tissues containing electrolytes, the charged ions (Na+, K+,
Cl–) are attracted to the cathode and anode, respectively. At
the cathode, Na+ reacts with H2O to form NaOH and H2, while
at the anode, Cl– reacts with H2O to form HCl and O2. The
caustic products of NaOH and HCl that form at the tissue sur-
face of the cathode and anode, respectively, can cause electro-
chemical burning seen as blistering. When DC is used to treat
wounds, care must be taken to avoid undesirable responses
by delivering less than 1.0 mA to the electrodes. Current am-
plitudes under 1.0 mA are in the microampere (µA) range.

Alternating Current: AC is the continuous bidirectional
flow of charged particles in which a change in direction of
flow occurs at least once every second. An AC waveform is
represented by 1 cycle, which describes an electrical event
that begins when the current or voltage leaves the zero
(isoelectric) baseline in one direction then crosses the same
baseline in the opposite direction to end when the current or
voltage returns again to the baseline. When available from an
ES device, the most common AC waveform is the sine wave,
in which both phases of the cycle are charge balanced so there
is no electrode polarity. Unlike PC, AC has no off time inter-
val between phases of adjacent cycles.

Some authors have erroneously indicated that current de-
livered by transcutaneous electrical nerve stimulation
(TENS) devices represents AC.122,123,132,143 In reality, ES mo-
dalities classified as TENS devices by the US Food and Drug
Administration deliver trains of isolated electrical events
(pulses) that are either monophasic or biphasic PC, not AC.153

Since only DC and PC have been used in clinical wound-

healing studies and because AC is not used clinically for
wound healing, it is not discussed in this review.

Pulsed Current: PC is the brief unidirectional or
bidirectional flow of charged particles (electrons or ions) in
which each pulse is separated by a longer off period of no cur-
rent flow. Thus, each pulse is an isolated electrical event sep-
arated from each of a series or train of pulses by a finite off
time. PC is described by its waveform, amplitude, duration,
and frequency. PC can have 2 waveforms: monophasic or
biphasic. A monophasic pulse represents a very brief move-
ment of electrons or ions away from the isoelectric line, re-
turning to the zero line after a finite period of time (less than
1.0 second). When the duration of a monophasic pulse is less
than 1.0 second, the current is not DC because it does not
cause electrochemical changes in the tissues. Monophasic PC
waveforms that have been described in the clinical wound-
healing literature include the rectangular waveform106,124-126

and the twin-peaked waveform of high voltage PC.† High-
voltage PC (HVPC) typically has very short-duration (2-20 µs)
twin triangular pulses that have single-phase charges on the
order of 1.6 µQ.153 Because HVPC is unidirectional, one may
incorrectly assume that this type of current is galvanic or DC
that causes caustic skin and wound tissue damage secondary
to pH changes. However, investigators have demonstrated
that pH changes do not occur in human skin following 30
minutes of HVPC stimulation.82

The biphasic PC waveform also represents a very brief du-
ration of movement of electrons or ions. However, in this
case, the pulse is bidirectional and consists of 2 phases. One
phase leaves the isoelectric line and after a brief finite time re-
turns to baseline. Then, without delay (or in some wave-
forms, a few microseconds delay), the second phase leaves
the isoelectric line in the opposite direction and after a brief
time returns to baseline. The biphasic waveform may be
asymmetric or symmetric about the isoelectric line. In the
symmetric biphasic waveform, the phase charges of each
phase are electrically equal or balanced; therefore, there is no
polarity. Asymmetric biphasic waveforms may be electrically
balanced or unbalanced. Biphasic symmetrical (charge bal-
anced)130,144 and asymmetrical (charge balanced)139 wave-
forms have been described in recent clinical wound-healing
literature.
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