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1 Introduction

1.1 Electricity and Electrical Burn

Electrical burns are relatively uncommon; in
adults they usually occur in occupational set-
tings, whereas in children they occur accidentally
[1]. In the United States approximately 1000
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deaths per year are caused by electrical injuries,
the mortality rate being around 3-5% [2].

Electricity is the movement of electrons,
which comprise the current, from atom to atom,
across a potential gradient from high to low con-
centration through a conductive material. The
voltage represents the magnitude of this potential
difference. Amperage measures the volume of
electrons flowing across the potential gradient.

Resistance is a measure of how difficult it is for
the electrons to pass through a material [3]. The
resistance of the human body to electricity is rela-
tively high on the outside and low on the inside; it
varies depending on the electrolyte and water con-
tent of the tissue through which the electrical cur-
rent is being conducted. Skin resistance varies on
the moisture content, thickness, and cleanliness.
All internal tissues offer low resistance, excluding
the bone which is a poor conductor of energy.
Muscles, nerves, and blood vessels have low resis-
tance due to their high electrolyte and water con-
tent and are good electricity conductors. Bones,
tendons, and fat have higher resistance. Electricity
creates heat, following the path of least resistance
through the body (Table 1) [4, 5].

The severity of an electrical burn depends on
many factors and can be classified depending on
the type of the circuit (electrical current can flow
in direct (DC) or alternating current (AC)), dura-
tion, resistance of tissues, voltage (low or high),
amperage, and pathway of the current [3, 4].

High-voltage direct current (DC) often causes
a single-muscle contraction, throwing the victim
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Table 1 Body tissues resistance

Least resistant Nerves

Blood vessels
Mucous membranes
Muscle

Dry skin

Tendon

Fat

Most resistant Bone

away from the source, while the same voltage of
alternating current is considered to be more dan-
gerous because the cyclic flow of electrons causes
muscle tetany and prolongs the exposure to the
electrical source [4, 6]. The degree of tissue
destruction is directly proportional with the dura-
tion of contact with high-voltage current [4].

Contact with high-voltage current can be asso-
ciated with an electric arc, which is formed between
two bodies of sufficiently different potential that
are not in direct contact (e.g., a highly charged
source and the ground). The arc consists of ionized
particles. The temperature of these particles and
their surroundings can be as high as 4000 °C [7].
When portions of the arc touch the patient, deep
thermal burns occur, the electric arc remaining the
cause of most high-voltage injuries.

“Entry” and “exit” are commonly used terms
to describe electrical injuries and the pathway
that the current takes can determine the severity
of the injury and the tissues at risk: disruption of
cardiac rthythm, direct myocardial injury, respira-
tory arrest, paralysis, sensory and motor deficits,
seizures, memory loss, cataract, strong muscle
contractions resulting in scapular fractures or
shoulder dislocations, flash burns, and blood ves-
sel, nerve, and muscle destruction [4, 5, 7].

The incidence of low-voltage burns is currently
declining but high-voltage injuries, particularly in
adolescent males, remain an unsolved problem [8].

2 Sequelae After Electrical
Burn

“There are 2 possible consequences of electrical
injury: the person either survives or dies” [5].
Efforts are directed towards preventing additional
tissue loss, managing a potential compartment

syndrome, or handling the necrotic tissue.
Electrical injury often results in high rates of mor-
bidity [4, 5]. The long-term sequelae after electri-
cal burn can be neurologic injuries, psychological
trauma, ocular deficiencies, pain, etc.

Viable surgical reconstructive techniques for
soft-tissue defect covering, such as muscle flaps,
free flap transfers, and cross-leg techniques, are
frequently used in treating sequelae after electri-
cal burns. Free flaps are considered to be the gold
standard when the treatment of leg wounds is
needed, because of their ability to cover large
defects. Reverse-flow flaps are useful to cover
defects of the lower leg and the ankle. When this
type of flaps are not available to use, cross-leg
flap can be a useful technique (Fig. 1) [9].

In some cases, traditional reconstructive surgi-
cal techniques can be insufficient when covering
a complex soft-tissue defect. The muscle flap can
prove unsuccessful in managing a large defect
due to nonhealing of the flap, flap necrosis, infec-
tion, hematoma, inadequate debridement of the
necrotic tissue, use of a traumatized muscle graft,
or unrealistic objectives for the muscle flap cov-
erage (Fig. 2) [10].

Soft-tissue defects that are difficult to cover by
muscle flaps and free tissue transfer are often a
challenge for the practitioner. In some cases, when
the patient cannot be a candidate for free flap sur-
gery the use of negative-pressure wound therapy
(NPWT) is an effective alternative that can mini-
mize the traditional reconstructive surgery meth-

Fig.1 A 15-year-old male, victim of a high-voltage elec-
trical injury, suffered major third- and fourth-degree burns
on 60% of the body surface. After repetitive excision of the
necrotic tissue, the distal extremity of the right leg—lower
half of the tibial bone, lower half of the fibula, and internal
and external malleoli—became exposed circularly due to
the massive, circumferential soft-tissue defect [10]
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Fig. 2 For reconstruction several surgical techniques
had been used. The soft-tissue defect was partially cov-
ered using an internal twin muscle flap and a cross-leg
technique covering the posterior defect using a contralat-
eral thigh muscle flap, which division was performed
after 21 days

Fig.3 Muscle flaps could not cover the entire surface of
the defect, due to flap necrosis and unrealistic expecta-
tions for the muscle flap coverage

ods and can reduce the surface of the soft-tissue
defect by filling it with new formed granulation
tissue, creating a skin graft receptor bed [11, 12].

In their retrospective study over a period of 12
years, published in 2006, Parret et al. [13], found
out that the free flap use decreased from 42%
during the first period to 11% in the last 4 years
of the study, when NPWT started to be exten-
sively used. NPWT can reduce both the need for
flap transfer and the size of the flap (Fig. 3).

3 Negative-Pressure Wound
Therapy

NPWT, also referred to as VAC therapy (vacuum-
assisted closure) or micro deformational wound
therapy (MDWT), has begun to play an increas-
ingly important role in the global landscape of

wound treatment. For the last 15 years, this type
of therapy intends to augment and improve the
traditional methods of approaching these pathol-
ogies bringing numerous benefits on morbidity,
mortality, as well as aesthetic benefits [12, 14].

The VAC therapy applies subatmospheric
pressure to the wound bed, using a computerized
device that produces controlled suction, via a
connective port. The subatmospheric pressure
helps the wound healing through mechanisms
that ultimately result in wound contraction, fluid
drainage, prevention of bacterial growth, and
granulation tissue formation [15-17].

The negative-pressure wound therapy aims to
create a perfect environment for wound healing.
The mechanisms of action include macro defor-
mation of the wound, micro deformation at the
wound-wound filler surface, fluid drainage—thus
reducing edema, improvement in local blood
flow, creating a moist environment that facilitates
wound healing [18], reduced inflammation,
improvement in cell proliferation [19], influence
in hemostasis, stimulation of angiogenesis, gran-
ulation tissue formation, alteration in bacterial
burden, and affecting of cellular responses in
division, migration, and differentiation (Table 2)
[14, 20, 21].

The macro deformation of the wound refers to
the contraction and size reduction of the wound
due to the centripetal forces that NPWT induce,
shrinkage that is also caused by the collapse of
the foam pores. Micro deformation refers to the
interaction between wound bed and NPWT con-
tact layer, the undulated wound surface induced
by the porous material of the foam [11].

The mechanical deformation starts a signaling
cascade, leading to wound healing [22]. Fluid

Table 2 NPWT mechanisms

Creates a sterile, moist environment that facilitates
wound healing

Facilitates fluid removal/exudate draining
Improves local blood flow

Stimulates angiogenesis

Stimulates granulation tissue formation
Reduces inflammation

Decreases bacterial load

Stimulates wound contraction

Affects cellular responses
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removal optimizes tissue perfusion by reducing
the compression on the capillaries, thus allowing
increased blood flow to the wound area [23, 24].

4 Technique

4.1 NPWT System
The negative-pressure wound therapy system has
four major components: a wound filler material,
an airtight vacuum seal, a connecting tube, and a
vacuum pump [14]. The vacuum device has an
incorporated canister, where the fluid is collected
and which is equipped with an alarm system that
notifies the practitioner when the canister is full.
Contraindications for the use of NPWT
include eschar with the presence of necrotic tis-
sue, untreated osteomyelitis, malignant cells in
the wound, direct use on exposed blood vessels
and nerves, nonenteric and unexplored fistulas,
exposed anastomoses, and exposed organs. Some
characteristics to consider before using this treat-
ment include high risk of hemorrhage (including
patients on anticoagulants or platelet aggregation
inhibitors), infected wounds, friable vessels and
infected blood vessels, sharp edges in the wound,
spinal cord injuries, circumferential dressing
application, proximity of the foam to vagus
nerve, and patient weight and size [14, 25].

4.1.1 Sequence of Procedure (Table 3)
1. Wound Bed Preparation (WBP)

For wound bed preparation, the necessary
supplies can be organized into five categories:
anesthetic, sterile field, irrigation, debridement,
and dressing (Table 4).

The management of any traumatic wound
starts with thorough irrigation using sterile saline,
in order to clean the wound and facilitate inspec-

Table 3 Sequence of NPWT procedure

1. Wound bed preparation (irrigation, debridement of
necrotic tissue)

2. Placement of contact layer and foam
3. Creating an airtight seal
4. Application of NPWT

Table 4 WBP necessary supplies
1. Anesthetic (local anesthetic, distraction techniques,
anxiolytics, and/or sedation)
2. Sterile fields (sterilizing solutions, sterile drapes)
3. Irrigation (sterile saline)

4. Debridement (gauze for mechanical scrubbing,
forceps for tissue handling, scalpel)

5. Dressing supplies (saline-moistened gauze,
antimicrobial impregnated dressings, NPWT,
biological dressings)

tion. Lavage intends to clear the debris from the
wound and lower the bacterial burden. Bacterial
clearance can be improved by early irrigation. On
his study on an animal model, Owens concluded
that earlier irrigation in a contaminated wound
resulted in a superior bacterial removal: irrigation
within 3 h lowered the bacterial load by 70%,
within 6 h 52%, and 37% at 12 h (Fig. 4) [10, 26].

A proper debridement of the devitalized,
necrotic tissue must be obtained, to facilitate heal-
ing and decrease the risk of infection at the wound
site, with due regard to vital anatomic structures,
hemostasis, and wound hygiene. NPWT cannot
be applied over necrotic, devitalized, or infected
tissue. A devitalized tissue, by absent or tenuous
blood supply, is poorly penetrated by systemic
antibiotics and provides a good environment for
bacterial proliferation [10, 27].

Profuse lavage of the wound is recommended
each time the change of the dressing is performed.
If required, a swab culture for microbiology
should be taken before saline lavage (Fig. 5) [28].

2. Placement of Contact Layer and Foam

The VAC therapy requires a contact mate-
rial that enables the negative pressure to reach
the wound bed. The wound filler material, as
part of the commercial NPWT systems, is
available as foam wound filler and gauze
wound filler [29].

The foam wound filler is custom cut by the
practitioner to fit the wound. Several types of
foam are available:

(a) Polyurethane (PU) black foam, hydro-
phobic and reticulated, made of highly
interconnected cells [14], allows even
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Fig. 4 A couple of months later, the patient was trans-
ferred to our department presenting a chronic wound.
Clinical examination of the right leg revealed two soft-
tissue defects, tibial bone exposed on an area of 15/3 cm
in the lower half, the peroneal malleolus exposed and had
a surface of 7/2.5 cm [10]

Fig.5 Wound bed preparation: The aspect of the leg after
wound-edge excision and debridement of devitalized
bone tissue: removal of the outer layer of the anterior cor-
tex and the whole anterior cortex in some regions, causing
the bone to bleed [10]

distribution of the negative pressure
across the wound bed [30] and improves
fluid drainage [14] and wound contrac-
tion [31]. This type of foam is often used
in wounds with large fluid drainage and
when stimulation of the granulation tis-
sue formation is wanted [14].

(b) Silver-coated foam that can be used in
the surgical therapy of infected wounds
because of the antimicrobial effects of
silver nanoparticles that can destroy bac-
terial cell walls and inhibit enzymes for
bacterial cell replication [32].

(c) Polyvinyl alcohol white foam (PVA),
hydrophilic, with higher tensile strength
than the PU foam [30]: This type of foam
can be used when growth of granulation
tissue is less needed [31], because of the
increased density and the smaller pores. It
is recommended in wound with delicate
underlying structures (e.g., tendons, blood
vessels) that need to be protected [14, 33].

The foam can be used in association with a sil-
ver nanoparticle contact layer that has the ability to
reduce wound infection rates, decrease the fre-
quency of dressing changes, diminish pain levels,
and promote wound healing. Also, a silicone
wound layer may be used to reduce trauma and
pain at dressing changes, prevent the ingrowth of
the new formed tissue in the foam reticules, protect
the delicate wound structures, and facilitate the for-
mation of granulation tissue (Figs. 6 and 7) [12].

Fig.6 The use of silicon contact layer to facilitate granu-
lation tissue formation and hydrocolloid dressing to pro-
tect the intact skin
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Fig. 7 The use of nanocrystalline silver dressing to
reduce the bacterial burden of the wound

3. Creating an Airtight Seal

The second component of the negative-
pressure wound therapy is creating an airtight
seal over the wound and the wound filler, thus
facilitating the suction to the wound bed. This
can be done with an adhesive occlusive dress-
ing. Depending on the anatomical location of
the wound, this process can be sometimes diffi-
cult and application of skin adhesive to maintain
the seal is needed [34]. The sealing dressing
must entirely cover the wound filler and the
wound. Special care must be taken for the
wound edges, ensuring that these are clean and
dry (Fig. 8).

4. Application of NPWT

Third component, the non-collapsible tube is
embedded in the foam through an incision made
in the sealing dressing, geometrically fitted for
the connecting device.

The vacuum pump is a computerized device
that creates negative pressure at the wound site
via the canister and the tube. There are several
types of vacuum pumps. The traditional pump
is usually portable and the canister in use with
this pump can hold from 300 to 1000 mL
wound exudate. It usually incorporates a

Fig. 8 Airtight sealing of a chronic wound of the leg
using plastic drapes

computerized alarm system that detects inade-
quate seal, excessive fluid drainage, blockages
of the tube, etc. [15]. It is electrically powered
and has a rechargeable battery. From this
device the practitioner can choose what type of
pressure to use, continuous, intermittent, and
variable, and the amount of pressure applied to
the wound.

The NPWT pump delivers negative pressure
to the entire wound bed. The amount of pressure
applied can vary between 25 and 200 mmHg
depending on the wound and the wound filler
type. In clinical practice the amount of pressure
that is usually used is 125 mmHg.

After the application of NPWT, the dress-
ing must be changed in an interval of 24
days. Dressing changing can be a painful
maneuver; local or general anesthesia is rec-
ommended. Avivement (surgical trimming of
wound edges before suturing them) of the
wound and lavage must be performed each
time (Fig. 9).
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Fig. 9 Stages in granulation tissue formation during
NPWT, final wound coverage, and wound healing. (a) On
the sixth day of using the NPWT the contraction of the
wound edges could be observed. (b) After 15 days of

il

using the NPWT granulation tissue covered the proximal
and the distal ends of the wound. (¢) Day 25 of NPWT. (d)
Day 33 of NPWT. (e) Split skin grafting. (f) Healed
wound
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5 Discussion

Compared to conventional burns, high-voltage
burns are characterized by an increased morbidity
and worse potential for rehabilitation. During the
early posttraumatic period, the surgical manage-
ment of these particular burns is represented by
repetitive debridements and necrectomies. Mortality
in this type of injury is remarkably high, even with
the aggressive approach to remove necrotic tissue.

In burns, conventional surgical debridement is
the gold standard. Although full excision was his-
torically standard practice in excision of burns,
nowadays tangential excision, removal of necrotic
tissue by sequential layered excision of devitalized
tissue until the level of healthy, bleeding, vitalized
tissue, has replaced full excision. Timing of
debridement is an important aspect as well; tan-
gential excision facilitates early debridement by
intraoperatively determining the depth of the burn.
In electrical burn wounds the intraoperative deter-
mination of the burn depth is hard to obtain [10].

Muscle flaps (reverse flow flaps, cross-leg,
free microvascular flaps, etc.) can be used in an
attempt for limp salvage [35].

The normal healing process includes hemosta-
sis, inflammation, cell proliferation, and cell mat-
uration. These phenomenons that appear in the
healing process of an acute wound do not apply
entirely in the processes involved in the healing of
chronic wounds. The delayed healing of chronic
wounds is due to a failure to progress through
these phases, the sequence of events becoming
disrupted at one or more of the steps of the heal-
ing process. Usually chronic wounds are “stuck”
in the inflammation phase of healing as a barrier
defect that has not healed in 3 months [36, 37].

Usually chronic wounds include, but are not
limited to, diabetic, venous, pressure foot and leg
ulcers. These type of chronic wounds have a dif-
ferent pathophysiology than an acute wound or a
traumatic chronic wound and the modalities of
treatment and means of healing differ. A good

understanding of the differences between differ-
ent types of chronic wounds should lead to better
healing rates and improve treatment manage-
ment. The primary challenge in treatment of a
chronic wound is to overcome the factors that
sustain a delayed healing and to have a compre-
hensive approach to wound care. Chronic lower
extremity wounds include leg and foot ulcers due
to a vascular disease, diabetes, neurological foot,
chronic venous insufficiency, arterial disease,
neuropathy, and prolonged pressure [13, 38].

Some of the factors that contribute to the
delayed healing include prolonged and massive
inflammation, unremitting infection with drug-
resistant microbes, and lack of epithelialization.
A major step forward in managing the problems
of wound healing is concerned by the wound bed
preparation, allowing the practitioner to identify
hypoxia, increased bacterial load, presence of
necrotic tissue, and alteration of the matrix.
Wound bed preparation can accelerate the endog-
enous healing of the wound or facilitate the effec-
tiveness of other therapeutical strategies [36, 37].

NPWT protocol when treating electrical burn
sequelae wounds is determined by the goal of
treatment (granulation tissue growth to cover a
soft-tissue defect, fluid drainage and edema
removal, flap or graft immobilization), pressure
values, pressure modes, and type of dressing.

The duration of the negative-pressure wound
therapy depends on the goals of treatment. When
the device is used to stimulate the formation of
the granulation tissue, for preparing a skin graft
receptor bed, the therapy can continue until the
soft-tissue defect has been covered and the gran-
ulation tissue has reached the skin level so the
skin graft can be safely placed.

The amount of pressure applied to the wound
can vary, as well as the modes of pressure avail-
able. A series of basic animal studies demon-
strated that the blood flow levels increased when
125 mmHg negative pressure was applied [39].
Other animal studies concluded that wound



The Use of NPWT in Treating Electrical Burn Wounds

237

contraction and fluid removal are directly propor-
tional with the level of negative pressure until
reaching a steady state. Maximum wound con-
traction was observed at a pressure of —75 mmHg
and the maximum fluid drainage from the wound
was at —125 mmHg [40].

NPWT can be delivered in continuous, intermit-
tent, or variable modes. The continuous pressure
mode is the most commonly used, during which the
pressure level is constant. In the intermittent mode
the negative pressure is switched on and off repeat-
edly. Studies suggest that the intermittent pressure
therapy results in faster healing by stimulating the
formation of granulation tissue (by mechanically
stimulating the wound bed and increasing blood
flow to the wound edges), but is painful. Variable
pressure was introduced to decrease the amount of
pain by creating a smooth transition between the
two modes of negative pressure [41]. Variable pres-
sure is the most indicated pressure mode when for-
mation of granulation tissue is needed as well as the
management of pain. Special attention concerning
pain management during treatment and dressing
changes must be given.

The placement of the foam and contact layer
is an important aspect for successful NPWT. The
foam must be cut to size to fit the wound and the
contact layer, if used, must be inserted into all
undermined areas and must fill all irregularities
of the wound. Placing the foam directly on top of
intact skin should be avoided.

In some cases there are more than one soft-
tissue defects in the same anatomic region. In order
to use a single-vacuum port a foam bridge that con-
nects both areas can be created. The healthy skin
between them must be protected using a seal drape
or a hydrocolloid dressing (Fig. 10).

The adverse effects when using this type of treat-
ment are represented by pain and discomfort, skin
irritations caused by allergies from the adhesive seal-
ing drapes, excoriation of the skin if the foam is not
correctly cut to size, and sometimes odor from the
dressings or the canister. Common complications of

Fig. 10 Foam bridge that connects the two soft-tissue
defects in order to use a single-vacuum port

NPWT include bleeding, infection, foam-tissue
adherence, and foam retention in the wound [28].

A potential and serious complication of
NPWT is bleeding from the wound site. When
preparing the wound for applying the negative-
pressure wound therapy, removal of the devital-
ized tissue must be done, until healthy, bleeding
tissue is revealed. When removing devitalized
bone, coagulation in the remaining bone during
suction can be sometimes difficult and severe
hemorrhage can occur. Special care should be
taken concerning this aspect. Also, removal of
devitalized bone tissue can affect the mechanical
resistance of the remaining bone. Considering
this aspect, one of the complications that can
occur after debridement of the necrotic bone tis-
sue can be the fracture of the bone at the wound
site (Fig. 11). This situation needs special care,
immobilization of the leg, and therefore a more
difficult access to the wound that can endanger
wound’s healing.
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Fig.11 Undisplaced
fracture of lower tibia
and fibula after the
resection of the
devitalized bone tissue

Conclusions

The care of traumatic electrical burn wounds
requires prompt evaluation, pain management,
irrigation, debridement, and application of
appropriate dressings. Initial management of
electrical burn wounds should intend to optimize
function and minimize long-term scarring.

The treatment of delayed deep and exten-
sive soft-tissue defects is a challenge for the
practitioners, especially if the patient’s overall
condition is poor. In some cases, by using the
NPWT it is possible to cover major soft-tissue
defects, thus avoiding the amputation of the
limp. Considering these results, there is a
trend in using fewer muscle flaps and more
delayed closures, using skin grafts on a recep-
tor bed created by VAC therapy.

This newer and simpler technique used for
covering of exposed bone tissue can question

the gold standard of plastic reconstructive sur-
gery that utilizes muscle flaps as the only way
to cover these defects.
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