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Electromagnetic fields (EMFs) have shown a promising potential for treatment
of different wounds. Different techniques have been proposed for wound treatment
including electric current therapy (ET), EMF therapy (EMFT), static magnetic field, and
combined magnetic field. The present study reviews the most current EMF based methods
for wound treatments and compare their efficiency for each wound. In addition the
proposed mechanisms of action of these techniques were reviewed. Among different
techniques, ET shows more promising effects on wounds. Furthermore, different
parameters influence the therapeutic performance of ET and EMFT including electrical
intrinsic properties of living organs as well as physical parameters of stimulations. For
further development of EMF based treatments for wound it is necessary to develop more

quantitative assessments for wound healing.
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Wound healing, a complex tissue
repairing process, is a continuing challenge in
rehabilitation medicine. Although several recent
advances in comprehending its basic principles
have been made, problemsinwound healing have
remained unchanged with significant morbidity
and mortality®. The usage of electric current and
electromagnetic field (EMF) stimulation to enhance
wound healing is not new. The pioneer clinical
studies originated in late 1960s 2. A large number
of studies have been performed on the wound
healing speed, attainment of normal breaking power,
scar formation and hypertrophic scar and keloid
formation. The understanding of the biological and
pathol ogic eventsin wound healing hasled to three
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areas of treatment that are currently indicated for
the treatment of chronic wounds in the clinic
practice®: grow factors, tissue engineered skin, and
physical devices. Despite the wide interest in
growth factors, cytokine biology and their potential
interms of wound healing, clinical trialsaiming to
accelerate chronic wound healing in most cases
have been disappointing* ®. However, several
studies have demonstrated that the application of
growth factors may lead to the increased speed of
cutaneous wound healing in animal models®. Not
only does tissue engineered skin offer the
possibility of creating physiologically compatible
human skin, but it also is successfully used on
burn wounds to prevent bacterial infection and
gives wounds the chance to be healed by normal
reparative processes. Unlikein patientswith burned
wounds, the condition in patients with chronic
wounds results from underlying diseases;
therefore, closing wound with skin substitutes
would not be sufficient to initiate the wound
healing’.
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The endogenous electric fields (EFs)
effect on wound healing has also been proposed
asamain indication directing the cellsto migrate
in wound healing process®*!. Studies in the last
decade have been shown that there is a role for
EFsinwound healing'>28,

Many aspects of therole of EFsinwound
healing have been expressed in some recent
revieNSlZ, 18-20

For soft tissue wound healing, the most
common application is for patients with chronic
wounds, non- or slow-healing, or otherwise
intractable wound to standard treatments.

Interactions of electrical fields are
regulator of many basic physiological processes
ranging from conformation of molecules within a
cell membrane bilayer to the macroscopic
mechanical propertiesof thetissues. Anyway, there
isno well-established mechanism that can describe
how electric field and electromagnetic field (EMF)
applicationsinfluencetheaction of living cellsand
tissues.

Inrecent years, electric current and EMF
stimulations have become increasingly popular
treatment modalities of non-healing wounds.
Electrical stimulation was primarily used to
accelerate wound healing of decubitus ulcers and
vein insufficiency. Studies showed that pressure
ulcers react better on electrical stimulation than
other types of wounds?.

At the macroscopic level, naturally
applying current loops of about 10 WA have been
measured in the human legs??, and at the
microscopic level, membrane function is largely
determined by intrinsic electrical processes.
Because skinny wounds interrupt normal
transepithelial potential within injury sites,
developing electric field and injury current is
postulated to play an important rolein the healing
process® 2,

The pivotal concept of thistheory isthat
cells involving in wound healing are electrically
charged, so that endogenous bioelectricity can
facilitate cellular migration to thewound areaand
might be involved with angiogenesis® and other
wound healing processes. According to thistheory,
upon the delaying of wound healing, external
electrical stimulation may mimic oneor moreof the
bioelectric effects and help to trigger a renewed
healing progression. Furthermore, the externally
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applied EMF may interact directly with thewound
currents or with related signal transduction
processes?, thereby re-stimulating retarded or
arrested wound healing. Wound healing
acceleration induced by direct currentsin therange
of 200-800 YA, applied by a portable unit, is an
example of such a process”.

Exogenous extremely low frequency
electricfieldsapplied infixed juxtaposition to their
target tissues (animals and cells of eukaryote and
prokaryote origins) have been found to initiate
mitogenesis-related signal .

Alvarez et al (1983) was one of thefirst
groups to demonstrate that direct electric currents
promote epidermal resurfacing and dermal collagen
biosynthetic capacity in partial- thicknesswounds
in a pig model®. The usage of invasive electric
field therapy for bonesand nerves has been widely
embraced as useful for patients®3, Noninvasive
EMF therapy machines have appeared recently as
alternatives to invasive electric field therapy.
However, research behind these products has
consisted mostly of anecdotal clinical reportswith
very few well-controlled laboratory mechanistic
studies.

To date, wound studies have typically
been performed on skin ulcersinduced by arterial
or venous dysfunction, diabetes related ulcers,
pressure ulcers and surgical and burn wounds.

Human testing and clinical trials have
demonstrated the therapeutic properties of some
of non-drug methods in triggering the healing
process of “stalled” soft tissue ulcers or wounds.
Human studies showing a positive privilege of
EMFT range from those on a single subject with
multiple experimental wounds® through (alimited
number of) randomized controlled trials.

Animal studies have also indicated
therapeutic potentials of ET and EMFT in wound
healing® %%, However, most of these studieswere
based on wound models that diverge in one or
more important aspects from human “chronic”
wounds, those in which repair is stalled and
difficult to manage. Yet these are precisely thetypes
of woundsthat would most likely benefit from such
adjunctive treatments. However, many EMFT-
related effects on cells, tissues, and tissue repairing
processes have been convincingly shown to occur.
The scientific basis for detecting the possible
correlation between EMFT and soft tissue wound
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repair processes is neither complete nor fully
accredited. But, based on many specific clinical
trias, experimentsand cellular observations, aclear
linkage between ECT/EMFT and wound healingis
strongly suggested.

Thispaper aimsto provide comprehensive
review of the ECT and EMFT exhaustive account
of methods of wound healing, to sketch their major
procedures and their background. Moreover, it aims
to compare their effect on wound healing.
Electromagnetic Field and Wound Healing

Electromagnetic field (EMF) gradients
have been linked with cellular reactionsinavariety
of fieldsincluding embryology, molecular biology
and, physiology. Pulsed electromagnetic fields
(PEMFs) have shown characteristics as an
adjunctive or alternative therapy for both del ayed-
union fractures and chronic wounds treatment®.
Low frequency EMFT has been successfully used
for a wide variety of diseases including
musculoskeletal diseases®, cancer treatment*,
neurological disorders™ %2, wounds®” “* %, There
is an increased public awareness about the
potential health hazards of exposure to
electromagnetic fields (EMF)*384, The effects of
magnetic and electric fieldson organs, tissues, and
cellshave been explored during the past 30 years™
46,47 EMF isreported to influence awide variety of
biological systems such as bone, skin and
hematologic. For example, some in vitro studies
have showed that EMF affects the cellular
physiology of many types of human cells®“. In
physical medicine, EMF of low frequency has
clinically been applied for early healing of wounds
and certain muscul otendinous lesions. However,
majority of these clinical studies are based on
experience rather than scientific evidence.

The epidermis energy associated with
radiation can directly affect the outermost layer of
the skin® 5%, In this regard, several studies have
demonstrated that EMF can modify cell
morphology of normal keratinocytesand interfere
with their differentiation and cellular adhesion®
515254 These relatively simple devices use an
external, non-invasive PEMF to generate short
burstsof electrical current ininjured tissuewithout
producing heat or interfering with nerve or muscle
function. Recently, increased comprehension of
the mechanism of action of PEMF therapy has
permitted technological advances yielding

economical and disposable PEMF devices. Using
these devices, PEMF therapy has been broadened
to embody thetreatment of postoperative pain and
edema in both outpatient and home settings
offering the physician a more versatile tool for
patient management®®. In noninvasive EMF
therapy, a controlled magnetic field is generated
which, in turn, induces an electrical current in the
surroundings of the target.

Electromagnetic Therapy

In a randomized, double-blinded study,
Czyz et al (2012) investigated the advantages of
electromagnetic energy in eyelid wound healing in
57 patients who underwent upper blepharoplasty.
Therewasno differencein patient pain rating when
comparing placebo with the electromagnetic
energy patch. Patientsreported 6% less edemaand
10% less ecchymosis with the active patch eye
than in control eye®. The authors demonstrated
that the use of pulsed electromagnetic energy did
not have any significant effect on postoperative
pain, edema, or ecchymosis as rated by patients
and physicians. They noted a statistically
significant reduction in physician-graded erythema
for active patch eyes versus placebo®. The
significance of these conclusionsis restricted by
an extremely small sample size. These findings
suggested that treatment with  pulsed
electromagnetic field may improve healing ratesin
venous or pressure ulcers and in the donor site
following skin linkage, compared with standard
wound care®” %,

Another earlier randomized controlled
trial failed to find asignificant treatment effect of
electromagnetic therapy for patients with chronic
venous ulcers, although there was a trend toward
improved healing in theintervention group®. Some
scientistssuch asFoley et al (1992) and Pennington
et al (1993) who controlled earlier randomization
examined pulsed electromagnetic energy therapy
for management of different types of soft tissue
injuries, including whiplash, ankle sprains, and
hand/finger lacerations® ©%, In these studies,
tendencies were found toward significant benefit
to theintervention groupswith respect to swelling,
pain, and mohility, particularly when treatment was
applied in the acute phase (within 3 to 4 days of
injury). However, aside from examining the same
technology, thetrials differed so muchin the type
of injury and treatment protocol that no overall
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conclusions regarding the efficacy of pulsed
electromagnetic energy therapy can be made.

Gupta et al (2009) evaluated the
effectiveness of pulsed electromagnetic field
therapy (PEMF) in the healing of pressure ulcers
in patients with neurological disorders in a
randomized double blind control trial®?. Their study
included 12 patients (M: F, 9:3) with pressure ulcers
who were 12-50 years of age. Six patientswith 13
ulcersreceived PEMF therapy and theremaining 6
patientswith 11 ulcersreceived placebo treatment,
for 30 sessions (45 minutes each) using the
equipment ‘Pulsatron’. The frequency of PEMF
was set at 1 Hz with sinusoidal waves and current
intensity of 30 mA. Whole body exposure was
given to both groups. Bates-Jensen wound
assessment tool (BJWAT) score was exploited as
the main outcome measure and scores at the end
of session were compared with initial scores.
Similarly, National Pressure Ulcer Advisory Panel
(NPUAP) scores were compared and analyzed as
secondary outcome measure. Thirteen ulcerswere
instage IV and 11 werein stage Il at the start of
the study. Significant healing of ulcerswas noted.
However, when comparing the groups, healing was
not significant. A similar trend was noted with
NPUAP scores with no significant difference
between the treatment and placebo groups at the
completion of study. The investigators concluded
that no significant difference in pressure ulcer
healing was observed between PEMF treatment
and placebo group in this study®.

Junger et al (2008) assessed 39 patients
in aplacebo-controlled, double blind study on the
effect of low-frequency pulsed current on healing
in chronic venous ulcers. The patientsweretreated
with the low-frequency pulsed or a placebo for 4
months. Ulcer area was reduced in both groups,
but pain reduction was better in the treatment
group. These findings were not reliable and
required verification in alarger study®.

In another review, Aziz et al (2011)
assessed the effects of electromagnetic therapy
(EMT) onthe healing of venousleg ulcers®. Three
randomized controlled trials (RCTs) of variable
quality involving 94 people were included in the
review. All the trials compared the use of EMT
with sham-EMT. In the two trials that reported
healing rates; one small trial (n=44) reported that
significantly moreulcershealedinthe EMT group
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than the sham-EMT group; however, this result
was not robust to different assumptions about the
outcomes of participants who lost to follow up.
The second trial that reported numbers of ulcers
healed found no significant differencein healing.
Thethird trial wasalso small (n=31) and reported
significantly greater reduction in ulcer sizein the
EMT group; however, this result may have been
influenced by differencesin the prognostic profiles
of the treatment groups. The authors concluded
no high quality evidence that electromagnetic
therapy increasestherate of healing of venousleg
ulcers, and further research is warranted®.

In another review, Aziz et al (2010)
evaluated the effectsof EM T on the pressure ulcers
healing®. Two randomized controlled trials (RCTs),
involving 60 contributors, at unclear risk of bias
wereincluded inthereview. Both trials compared
the use of EMT with sham EMT, athough one of
the trials included a third arm in which only
standard therapy was applied. Neither study found
a statistically significant difference in complete
healing in peopletreated with EMT compared with
those in the control group. The results provided
no strong evidence of benefit in using EMT to
treat pressure ulcers®™. However, the possibility of
abeneficial or harmful effect cannot be ruled out
because there were only two trials, both with
methodol ogical limitations and small numbers of
participants, and so the authors recommended
further research.

In 2005, a Blue Cross Blue Shield
Technology Evaluation Center® reported that the
evidenceis not sufficient to allow conclusionson
the efficacy of electromagnetic therapy as adjunct
treatmentsfor wound healing®. Well-designed and
well conducted sham placebo-controlled
randomized controlled studies are needed that
consistently show better results for active
treatment over placebo. ET and EMFT for chronic
woundsdid not meet the TEC criteria(Blue Cross
Blue Shield Association, 2005)°".

Srategiesof EMFT for Wound Healing

In electromagneticinstruments, electrode
and target tissues need not be exposed to electric
and magnetic fields and their associated induced
currents. Among electromagnetic devices, all use
time varying or pulsed excitation, some of which
modulateacarrier frequency, commonly 27.12 MHz.
A further distinction among pul sed radio frequency
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devicesismadewith respect to their potential tissue
heating effectswhich arerelated to the energy they
deliver to the tissue. Commercially existing EMF
devices usually determine device average or peak
power but these do not specify the energy or
strengths of field delivered to target tissues. Pulse
breadth and shape generated by most commercial
devicesisfixed (65-95 usec), with the power per
pulse generally reined by varying pulse amplitude.
Devicesthat function in non-thermal and thermal
ranges may allow both variable pulse width and
rates (Magnatherm, 700-7000 pps), whereas other
devices do not provide control feature. Tissue
thermal effects are thought to be minimized by use
of low duty cycles, on the assumption that heating
due to high power single, short pulses will be
dissipated during amuch longer off-time between
successive pulses. In general, for EF or EMF, the
parameter variants conclude generated power,
stimulation frequency, width of pulse, duplication
rate and duty cycle, carrier frequency, prevaent
magnitude, and intensity of magnetic field.
Furthermore, there are variants with respect to
specific specifications of the excitation patterns,
i.e., whether stimulation is continuous or pulsed,
biphasic or monophasic, galvanic or frequency
modulated, symmetrical or asymmetrical, sinusoidal
or not, and high voltage or low voltage stimulation
is used® %, Because of thiswide range of physical
excitation parameters, it has been impossible to
correlate specific features with wound healing
efficacy. However, the use of pulseradio frequency
EMF (PREMF), with its inductive coupling to
tissue, is said to prepare for a more uniform and
predictable electromagnetic field signa inthetarget
tissue than is currently achieved with surface
contact electrodes”™. Thus, the dose of tissue is
more reliable. It has also been found that, due to
the large spectral span of PREMF, there are more
possihilities for coupling of the field to produce
effects in a wider range of possible, but as yet
unspecified, biological processes. More detailed
technical descriptions may be found in several
sources®® ",
Cell Proliferation

The mechanisms of EMF-induced
stimulation of cell proliferation and wound healing
remain unclear. Some studiesreported that different
characteristics of EMF signals can persuade cell
differentiation or enhance proliferation of cell of

keratinocytes®®s2, A few studies analyzed the
efficacies of low frequency EMF stimulation on
keratinocytes in vitro® 5+ 72, Manni et al (2002)
found that EMF at 50 Hz increased human
keratinocyte cell growth®. Other research also
demonstrated that low frequency EMF significantly
increased human keratinocyte proliferation® 4,
The human epidermis is assumed to be the large
supply of stem cells™ ™. Motlik et al (2007) and
Larouche et al (2010) found that healing awound
requirestheproliferation and differentiation of new
keratinocytes from cutaneous stem cells™ . In
particular, epidermal stem cells can fix various
damaged tissues by stimulating mobilizing signals
like endogenous and exogenous factors. For
example, over expression of epidermal growth factor
receptor (EGFR) canincrease human epidermal stem
cell proliferation”. Ke et al (2008) also reported
that a 50 Hz magnetic field induces EGFR
clustering™. Inthisregard, Zhang et al investigated
the effect of low frequency EMF on expanding
hESC in vitro. Their results showed that low
frequency EMF modulated the proliferation of
hESC". Theseresultsarein agreement with other
reported studies showing an enhancement of
keratinocyte growth by EMF applied at different
frequencies™ %2,

Huo et al (2010) demonstrated that the
effects of noninvasive EMFson cell migration and
proliferation seem keratinocyte-specific with no
such effects on dermal fibroblasts™.

Cell CycleAnalysis

The cell cycle consists of three main
phasesincluding GO/G1 phase, S phase, and G2/M
phase. Since low frequency EMF augment
proliferation of cells, further experiments were
carried out to define the effect of EMF on the cell
cycle. Some groups havetested the effectsof EMF
onthecell cycleindifferent linesof cell, although
some controversial outcomeson cell proliferation
have been reported’®:. These results indicate a
lack of knowledge on the clear rel ationship between
cell proliferation which induced by EMF and
distribution of cell cycle®?. Commonly, the
proportion of S-phase cells is considered to
demonstrate the proliferative potential of a cell
population. Low frequency EMF application
significantly decreased the percentage of cellsin
the G1 phase whereas it increased the percentage
of those in the S phase and EMF significantly
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affected the cell cycle, increasing the proportion
of cells, synthesizing DNA, and increasing cell
growth”. Zhang et al found that low frequency
EMF did not promote apoptosisusually stem cells
apportion infrequently because the duration of
their cell cycleislong or somecellsarearrestedin
the GO phase™. For treatment with el ectromagnetic
field, there is a lack of high-quality randomized
reinedtrials. Therefore, thistreatment isconsidered
investigational for the treatment of wounds®’.
Electric Fieldsand Wound Healing

Since three decades ago, it has been
known that very small exogenously applied
electrical currents created beneficial effects on
wound healing process*. It was first showed by
Bassett et al that inserting an electrode on each
side of a bone nonunion and passing a weak
electrical current through it would assist in the
fusing of thefracture®. Naturally occurring electric
currents at human skin wounds were measured
over 150 years ago. Bois-Reymond (1818-1896),
thefounder of modern electrophysiology, wrotein
detailsthe el ectric activities associated with nerve
excitation, muscle contraction and wounds®. Most
recently developed micro needlearraysare ableto
measurethetrans-dermal skin potentialsat multiple
sites simultaneously® 8. The ET has shown the
higher therapeutic effectsthan the other modalities.
Various studies have shown that the electrical
properties of wound and intrinsic electrical
properties of other involved organs are the most
effectivefactorson the wound treatment responses
to electric and EMF stimulations. In addition to
these intrinsic electrical properties, physical
parameters of electric stimulation are important
factors determining the wound treatment
outcomes. The common modalities of electric and
electromagnetic field stimulationsinclude: direct
current, low-frequency pulsed currents,
monophasic high-voltage pulses, and pulsed
electromagnetic fields, static magnetic field and
combined magnetic field. The first technique is
direct skin contact method that uses electrode,
whilethe other methods are non-contact. Thelatter
group is aso called EMFT. In the following, the
most common methods of ET and EMFT are
discussed.
Direct Current Electrical Stimulation

Normally, human skin which was
uninjured, a difference in ionic concentrations is
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actively maintained between the upper and lower
epidermal layer, which can be measured as a
difference of electrical potentials, ranging between
10 and 60 mV on different locations on the body
surface. The positive terminal of this so-called
epidermal battery is situated on theinside surface
of the living layer of the epidermis®. After
wounding, when the skin layers are interrupted,
the epidermal battery at the wound site is short-
circuited, creating a conducting pathway that
permits ionic current to move through the sub-
epidermal region out of the wound and return to
the battery by flowing through the region between
the dermisand theliving layer. Theinjury current
can only flow, aslong as wound surface is moist.
The active role of endogenous electrical
phenomena in wound healing is indirectly
confirmed by the fact that the healing of wounds,
the surface of which remains wet, is more
successful than in wounds that are left to dry out.
Modeling of wound edge has shown relatively fast
lateral voltage gradient across the edge, which
impliesthat the cells on the wound edge are placed
inan electric field®. Electric fields on order 100—
200 mV/ mm have been measured | ateral to wounds
in mammalian epidermis. Endogenous wound-
induced electric fields present in the corneaplays
role in the healing process by helping guide the
cellular movements that close wounds.

It has been shown that externally applied
electrical fieldsof such *“ physiological” intensities
can affect orientation, migration, and proliferation
of cells® which are of key importancefor healing,
such asfibroblastsand keratinocytes'”- 8L, Several
studies have confirmed that externally induced
electrical fields with endogenous electrical
conditions, positive electrode on the surface of
wound, and negative on the healthy skin around
the wound, speed up wound healing process.
Electrical currents ranged from 0.2 mA to 1 mA.
The negative electrode on wound surface has
reportedly antimicrobial effect that can be
advantageous in initial stage of wound
devel opment® %,

L ow Frequency Pulsed Electric Currents

Low-frequency pulsed electric current
applications are entire popular in physical
medicine. They are most commonly applied for
functional electrical stimulation to arouse
involuntary muscle contraction for intensification
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muscles atrophied by disuse and for eliciting
functional movements in patients with motor
dysfunction®*%. Such electric current pulses are
also recognized as totalizing currents. Low-
frequency pulsed electric currents were applied
locally to thewound aswell asto areas quite distant
to thewound. Thetwo main distant locationswere
the spinal cord and acupuncture points®. When
low-frequency pulsed electric currentsare applied
locally both electrodes are located on the healthy
skin surrounding the wound, the amplitude of
pulses is set to value just below visible titanic
contraction of surrounding muscles. Thismodality
of treatment isnoninvasive and simpleto use. The
formation of chronic wounds is principally the
result of an insufficient supply of oxygen and
nutrientsto thetissuesfor poor blood flow. Every-
day use of low-frequency pulsed electric current
stimulation was found to significantly augment
partial oxygen tension (pO2) around the chronic
wound while when direct current electrical
stimulation was used no significant changes of
pO2 werelocated®. Increasing the pO2 during low-
frequency pulsed electric current stimulation in
patients with ischemic ulcers improved their
microcirculation. It is presumed that hypoxia or
releasing the metabolites during electrical
stimulation is because of insufficient blood flow
and increasing capillary growth.
Monophasic High-Voltage Pulses
Muscleiscontracted at application of low
pulse amplitudes and longer durations as well as
at large amplitudes and shorter pulse durations.
The use of short high-voltage pulses could not be
explained physiologically. The positive electrode
is placed over the wound and voltage is set just
below that being able to produce visible muscle
tetanic contraction. If treatment reached the healing
plateau, the polarity of electrode over the wound
was reversed. Reversing electrode polarity was
successful when wounds were infected. Negative
electrode located on the wound has disinfection
effect. Studies showed that high-voltage
stimulation improves blood flow and therefore
facilitate wound healing*®. It is presumed that
high-voltage pulses stimulation restores
sympathetic tone and vascular resistance below
the level of the spinal cord lesion, thereby
increasing gradient of the perfusion pressure in
the capillary beds. Therefore, high-voltage pul ses

stimulation could be used for preventing pressure
ulcers™.
Influencing Parameters in Electrical Wound
Healing

Endogenous electric fields in the range
of 40-200 mV/mm are naturally present near wounds
and that skin cells respond to fields of this
magnitude with directed motility. It is likely that
the electric field may have a role to play in the
stimulation of wound healing. Robinson et al
conducted thefirst controlled experiment designed
toinvestigatetheroleof theelectric field inwound
healing, utilizing avery simple system, the neurula-
stage frog embryo’®1%2, Transected frog embryos
healed completely within 7 hinapond water medium
that began with arapid purse string-like contraction
requiring microfilaments but not Nap. This was
followed by a slower phase that was blocked by
either Nap-free medium, or the addition of
amiloride, benzamil, or ouabain, drugsthat inhibit
Nap flux through the epithelium as showed by a
rapid reduction inthetransepithelial potential. This
indicated that the slow phase of wound healing
requires the endogenous Nap-carried electric
current and certainly supportsarolefor theelectric
fieldinwound healing.

The second well-controlled experiment
was conducted by to Iglesia et al test the role of
electricfieldsinwound healing inthe newt'®, They
made asmall skinwound in one hind-limb digit on
both the right and left foot of notophthalamus
viridescens and monitored the healing rate while
changing thelateral electric field near thewounds
by passing current through one digit, across the
body and out the contralateral digit. The amount
of current passed was adjusted so that the lateral
field of onewound was zero whilethe contral ateral
wound had an enhanced field'*. They observed
that the wounds with the enhanced field healed
more rapidly than the woundswith the zero fields.
When digits on one side were treated with 30 M
benzamil in the artificial pond water so that their
wound fieldswere reduced to approximately zero,
and the contralateral woundswere kept in artificial
pond water without benzamil so that they had
normal wound fields, there was significantly less
epithelization of the benzamil-treated woundsthan
of the control wounds. This effect on wound
healing was reversed by adding currents that
restored the normal wound fields, but not by adding
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currents that reversed the wound fields to the
opposite polarity. When currents were added to
reversethewound fieldson one side of theanimal,
leaving the contralateral wounds free of added
currents, the contral ateral woundswith the normal
fields healed much better than the wounds with
reversed fields. These results are consistent with
the hypothesis that the intrinsic lateral electric
fields in the vicinity of wounds promote
epithelization of these wounds. These experiments
are the most elegant ones to date on this question
and the overall conclusion is that in the absence
of alateral electricfield, therate of wound healing
is reduced by about 25%°4 105,

Iglesia et al assessed the increasing
electric field on the wound healing rat and found
that increasing thefield from 40to 80 and 100 mV/
mm reduced therate. They concluded that the newt
epithelialization rate was nearly maximal at the
normal field strength®,

Iglesia et al conducted a controlled
experiment to determinetheinvolvement of electric
fields in wound healing®. They used bovine
corneal lesions with a 1.5 mm circular wound. A
decrease in the field strength by submersion of
thelesionsor by treating thelesionswith the Nap-
channel blocker, benzamil, significantly hindered
the healing. Increasing the field strength through
increasing direct current increased the
epithelialization. Epithelialization rate increased
twofold when the field strength doubled (80 mV/
mm). However, further increase of thefield strength
to 120 mV/mm reduced the epithelization rate. A
similar pattern was al so observed upon thereversal
of field's polarity’®. Iglesia et al showed for the
first timethat increasing the field strength as well
asreversing itspolarity at thewound site enhances
corneal wound epithelialization. The final well-
controlled study was also conducted on a cornea
preparationin situ. McCaig et al used therat cornea
to study wound healing in response to a similar
circular wound. They manipul ated the endogenous
lateral electric field near thewound by using drugs
with differing actions. Furthermore, they found that
the rate of wound closure was highly sensitive to
the field strength. In addition to influencing the
rate of wound closure, the wound-induced field
influenced the orientation of cell division. Most
epithelial cells divided with a cleavage plane
paralel to the wound edge and perpendicular to
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thefield vector. Increasing or decreasing thefield
pharmacologically, respectively increased or
decreased the extent of oriented cell division. In
addition, cells closest to the wound edge, where
the field was highest, were oriented most strongly
by the field. The frequency of cell division was
also enhanced by the endogenous electric field.
Because the endogenous field also influenced the
wound-healing rate, it appearsto be oneforcethat
can stimulate both cell migration and cell division
during healing.

A further important observation made by
McCaig et al was the effect of these endogenous
fields on nearby nerve growth*!4107 The
endogenous el ectric field near thewound showsa
very strong orienting effect on the direction of
sensory nerve sprouting and growth. Between 16
and 20 h after wounding alarge number of nerve
sprouts project directly towards the cut wound
edge in a whole-mount rat cornea. Reducing the
wound field with ouabain randomizes nerve fiber
orientation, suggesting that the electric field isthe
main orienting influence for these nerve sprouts.
It has been known for decades that nerve growth
can be oriented by imposed electric fields*!! 1%
11 However, this is one of only a few well
documented examples in which a naturally
occurring electric field has been found to exert a
strong influence over neuronal growth. In addition
to nerve growth, the axis of cell division was aso
strongly influenced by this endogenous electric
field. Treatments that enhanced the field resulted
in a greater degree of mitotic spindle alignment
perpendicular tothefield lines.
Clinical Trialsof Electrical Wound Treatment

Whilethese well-controlled experiments
arefairly recent, therearealarge number of earlier
clinical trials to improve wound healing with
electrical stimulation. Thereexistsanintensedesire
to find improved methods for wound management
and in the last years alone, at |east seven reviews
have been made of theclinical trialsusing electrical
stimulation® 2217 Al of these reviews conclude
that electro-therapy usually improves the rate of
wound healing by 13-50% and sometimes
precipitates the healing of chronic wounds for
which other conventional therapies have not been
successful. Vanable (1989) conducted the most
extensive review on the clinical trials®. In this
book, he describes the three negative reports in
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theliterature®® 118119 followed by 11 positive reports
grouped by methodology. Some investigators
placed the cathode in the wound during the
experiment®® 120-122: some used the anode at the
wound throughout? and others alternate polarity
with the cathode in the wound first followed by
the anode? 92 9122124 " The most popul ar approach
for stimulating wound healing in humans uses both
polarities of imposed fields sequentially, with the
cathodein thewound first, followed by the anode.
Therationale for using the cathodefirst isthat this
rendersthe wound free from infection'®*%, There
arereports of significant stimulation of healingin
over 300 ulcerswith thisapproach, but the control
group wasawaysasmall fraction of the size of the
experimental group. However, these studies
demonstrate that el ectric fields promote the healing
of chronic wounds. Itisalso clear that much work
is needed to determine the optimal protocol for
electric field application since so many different
treatments have been used by these investigators.
Thiswill require further studieson model systems
such asthe mammalian corneaand skin aswell as
much more work applying fields to human skin
wounds.

Evidence from small randomized
controlled experiments on electro stimulation
indicates improvements on some intermediate
outcomes, such as decrease in wound size and/or
the velocity of wound healing. However, these
studies have not demonstrated Evidence from
small randomized controlled trials on electro
stimulation reports improvements on some
intermediate outcomes, such asdecreasein wound
sizeand/or thevel ocity of wound healing. However,
these studies have not demonstrated®’.
Wound-Healing Quantification Assessments

Although different research groups have
demonstrated that electrical stimulation can
accel eratewound healing, itisstill not widely used.
Universal effectsof electrical stimulation, variety
of small studies, unsuitable wound healing
guantification methods, and not well established
mechanisms that can explain how electrical
stimulation affect the behavior of living cells and
tissues are the main barriers for optimization of
electrical stimulationinwound treatment. Different
guantification methods makeit impossibleto make
a quantitative analysis of the comparative
advantages and disadvantages of different

treatment modalities. To enable quantification and
comparison of treatment efficacy, same measure of
wound healing requires to be generally accepted,
whichideally would fulfill thefollowing criteria:
Simplecalculation, suitablefor statistical handling,
transparency—evident physiological meaning,
employability for different wound types, sizes,
shapes, and healing and/or non-healing courses.
Service providers are enabled to assess, improve,
and individualize the treatment applied to each
wound patient by quantitative measurement of
wound healing. In order to correctly quantify
wound healing wound has to be periodically
assessed and wound healing process dynamics
has to be taken into consideration?® & %,
Quantitativeand QualitativeM easuresfor Wound
Healing Assessments

The proof weather a method of treating
wounds is successful is a matter of histological
analyses of the affected soft tissue before and after
treatment!?” 128, Reports of histological analyses
of electrical wound healing are rare especialy in
clinical trials. At the Institute of Rehabilitation a
histological study of electrical wound healing was
done recently’®. The study enrolled 50 patients
with spinal cord injury, suffering from decubital
ulcersof |11 degree according to the Shape scalein
the sacral area’®. A half of wounds were treated
according to described biphasic electrical
stimulation treatment and another half received
only conservative treatment. In five patientsfrom
each group a qualitative and a quantitative
histological analyses of the tissue samples (about
4 mm) taken from the wound, on the line between
the wound edge and freshly formed scar, were
performed before the beginning of treatment and
after around 2 months, when the formed scar
formed during the electrical stimulation was of
considerabl e size. Wound healing wasfollowed as
described in above clinical study section.
Significantly faster healing of woundsin electricaly
stimulated group was observed. The histological
preparations were analyzed by a quantitative
stereological method. Content of surface collagen
in the preparations stained according to Masson
and the surface density of blood vessels was
determined intheimmune histochemically stained
preparations. The surface percentage of collagen
was determined by using test system M-42 and
the number of blood vessels per surface unit by a
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semiautomatic IBAS 1000 image processing and
analysis system. Wounds treated by electrical
stimulation had lower inflammatory response,
higher collagen density as well as more intense
process of angiogenesis. In electrically healed
group collagen density increased in average 23%,
while in the control group decreased by2%of the
initial surfaceintwo monthstime period. Thearea
density of blood vesselswas higher in electrically
stimulated wounds, and in post stimul ation period
the blood vessels were found to be reaching
essentially higher towardsthe wound surface than
inthe non stimulated wounds, in fact, almost asfar
asthecrust. In stimulated wounds endothelial cells
were flat, the blood vessels lumina broad with
erythrocytes clearly visible within them. In the
control group, endothelia cells were thickened,
cubically shaped, with round nuclei, and no
erythrocytes were visible within blood vessels
lumina. In addition, earlier invitro studiesreported
flatter endothelial cellsexposed to el ectromagnetic
or electric field, which are cubic when not exposed
to the field® %, Cukjati and Savrin indicated that
the intercellular substance is controlled by fibrin
whereas more collagen was found in the sample
preparations of electrically healed wounds'®. The
conclusion isthat electrical stimulation may exert
therelease of mediatorsresponsiblefor theincrease
in collagen synthesisin fibroblasts or the shrinking
of myofibroblasts. Furthermore the study showed
that electrical healing has a favorable effect on
blood circulation in the wound, improves blood
circulation in the tissue surrounding the wound
and improvesthe quality of post-treatment scar'!.
Biological Effect of Electric Fields

There are many theories regarding the
mechanismsof electrical field influencing thecells.
Onetheory explainsthat the lateral el ectrophoresis
and local clustering of membrane ion channels
such as calcium channels increase local fluxes of
ions, possibly inducing the cell to form local
lamellipodia. Changes in actin stress fibers and
microtubules can also affect cell shape and
orientation®® 133, |In many cells, DC electric field
induced migration depends on the variations of
intracellular Ca?"* concentration and induction of
alterations of membrane potential** 1%, Various
biological interactionsof electricfieldswith tissues
have been proposed. However, most of these
studies were performed with DC electric field
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devices on tumor cells. A recent study by Zhao
highlighted the significance of physiological
electric fieldsin wound healing, arguing that they
act asimportant directional cuesthat can override
other migration factors, such as chemotaxis and
contact inhibition release, both in monolayer
wound healing modelsand in stratified epithelial®

136

CONCLUSON

The present study has reviewed the most
current electric and electromagnetic field therapies
for wound treatments and compared their efficiency
for each wound. In addition the proposed
mechanisms of action of these techniques were
reviewed. Electric current and electric field
stimulations have shown the more promising
effects on wounds. Induction of lateral
electrophoresis and local clustering of membrane
ion channels such as cal cium channels are among
themain biological interactions of EMF and cells.
Furthermore, different parameters influence the
therapeutic performance of ET and EMFT
including electrical intrinsic properties of living
organs as well as physical parameters of
stimulations. For further devel opment of EM F based
treatments for wound it is necessary to develop
more quantitative assessments for wound healing
as well as conducting controlled studies on the
effects of different EMF modalities on wound
healing process.
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