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Significance: Wounds sustained in a combat trauma often result in a composite
tissue loss. Combat injuries, due to high energy transfer to tissues, lead to trauma
at multiple anatomical sites. An early wound cover is associated with lower rate
of infections and a faster wound healing. The concept of negative pressure wound
therapy (NPWT) in the management of combat-related wounds has evolved from
the civilian trauma and the wounds from nontraumatic etiologies.

Recent Advances: Encouraged by the results of NPWT in noncombat-related
wounds, the military surgeons during Operation Iraqi Freedom and Operation
Enduring Freedom used this novel method in a large percentage of combat
wounds, with gratifying results. The mechanism of NPWT in wound healing is
multifactorial and often complex reconstructive procedure can be avoided in a
combat trauma setting.

Critical Issues: Wounds sustained in military trauma are heavily contaminated
with dirt, patient clothing, and frequently associated with extensive soft tissue
loss and osseous destruction. Delay in evacuation during an ongoing conflict
carries the risk of systemic infection. Early debridement is indicated followed by
delayed closure of wounds. NPWT helps to provide temporary wound cover
during the interim period of debridement and wound closure.

Future Directions: Future area of research in combat wounds is related to ab-
dominal trauma with loss of abdominal wall. The concept of negative pressure
incisional management system in patients with a high risk of wound breakdown
following surgery is under review, and may be of relevance in combat wounds.
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SCOPE AND SIGNIFICANCE

THIS REVIEW ARTICLE DISCUSSES the
characteristics of combat wounds
and their general principles of man-
agement. It addresses the role of
negative pressure wound therapy
(NPWT) in managing such wounds
with an emphasis on its mechanism
of action. We also share our experi-
ence with NPWT in the management
of combat wounds, and review cer-
tain critical aspects in this form of
therapy.
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TRANSLATIONAL RELEVANCE

The NPWT was introduced al-
most 20 years back. Much of its use
was inferred in the civilian trauma
and other nontraumatic wounds.
This review describes how NPWT
has evolved in the management of
combat wounds and established as
a key modality in combat trauma.
Military surgeons have accepted
this novel method of wound man-
agement and further evaluation
in treating wounds at various
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anatomical sites will help in improving the care of
wounded soldiers.

CLINICAL RELEVANCE

This review describes the characteristics of
combat wounds and principles of their manage-
ment. It will guide the readers about the role of
NPWT in the management of combat wounds. The
literature is reviewed regarding its indications,
mechanism of action, and advantages of NPWT. It
will help the military surgeons to formulate guide-
lines in the management of combat wounds.

BACKGROUND

Combat wounds pose a challenge to a military
trauma surgeon. The wounds are sustained due
to gunshots, grenade blasts, landmines, impro-
vised explosive devices (IEDs), and bombs. These
wounds are heavily contaminated with dust, soil,
the patient’s clothing, and other foreign bodies, and
characterized by extensive loss of soft tissues and
bony materials. Due to high energy transfer, mul-
tiple tissue planes are opened leading to contami-
nation beyond the zone of trauma. Involvement of
multiple anatomical sites, make these individuals
critical, requiring urgent resuscitation and life
support. In a war scenario, an early wound care
may be delayed due to late evacuation to a forward
surgical center.!

Traditionally these wounds have been managed
with wound irrigation, debridement, and a delayed
closure. The disadvantages of this form of man-
agement were well recognized. The benefits of
NPWT in combat trauma have been reported by
various authors.?? The popularity of NPWT can be
gauged by the fact that during Operation Enduring
Freedom (OEF) in March 2003, about 46% of
wounds were managed with NPWT and in Sep-
tember 2003 its use had increased to over 90% of
admitted wounds.* Further technical refinements
have validated its use during air transport, allow-
ing casualties to receive continuous NPWT during
air evacuation, from forward surgical center to a
tertiary care center.’

DISCUSSION

Although the use of negative pressure for me-
dicinal purpose was described in 600 BC, it was
only in 1997, when Morykwas et al. reported their
results in animal studies.® Using pig model, wound
was covered by open cell foam and sealed by ad-
hesive tape. Subatmospheric pressure of 125 mm
Hg was applied to the covered foam. They found an

increase in blood flow by fourfold with a negative
pressure of 125 mm Hg and a significant increase in
granulation tissue formation. They also reported a
decrease in tissue bacterial counts and an increase
in random flap survival by 21% as compared to
controls. They concluded that application of con-
trolled subatmospheric pressure creates an atmo-
sphere conducive to wound healing. Subsequently
numerous authors have described their experience
with NPWT in noncombat wounds.”°

The use of vacuum wound closure systems in
war wounds was reported for the first time in 2004
by Burris et al.'' Their handbook on Emergency
War Surgery describes its role in combat wounds
with an improved and accelerated healing. The use
of NPWT was widely reported during Operation Ir-
aqi Freedom and OEF.?* It rapidly gained popular-
ity among the military surgeons worldwide due to its
versatility, ease of application, and varied indica-
tions in combat-related wounds. NPWT became a
preferred method in combat trauma as compared to
traditional methods, with saline-soaked dressings.*

Combat wound characteristics
and wound ballistics

The tissue damage caused by a bullet is related
to its kinetic energy transferred to the tissues, gi-
ven by the formula of 4 mv?. High-velocity missile
injuries produce extensive tissue damage due to a
combination of shock waves and cavitation effect.
The blast injuries due to explosive devices produce
damage by various mechanisms. Primary blast
injury is due to a high pressure generated by the
blast effect. This can cause rupture of air-filled
organs like tympanic membrane, lungs, and in-
testines. Secondary blast injury is caused by flying
objects like splinters or other objects in the vicinity
of blast. Tertiary blast injury is due to movement of
the body from pressure generated by blast waves or
due to fall of objects on the casualty. Quaternary
blast injury is due to other factors like burns and
chemical contamination.!? The injury caused by
IEDs and antipersonnel mines can cause damage
in multiple tissue planes with composite loss of
tissues and amputations (Fig. 1). Certain factors
make combat wounds different from those en-
countered in civilian practice—the high energy
transfer to tissues, early wound contamination
from dirt, soil, and the individual’s own clothing,
and a delay in evacuation to the forward surgical
center for early wound debridement.

Principles of combat wound management

The management of combat wounds aims to save
life and limb. An aggressive management of these
wounds reduces morbidity and mortality.
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Figure 1. Mine blast injury foot resulting in traumatic loss of foot. To see
this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/wound

Wound debridement. It forms the basis of
combat wound management. Contaminated nature
of wounds call for timely debridement and wound
irrigation preferably within 6h of trauma. Early
removal of devitalized tissue, foreign bodies, blood,
debris, and dirt prevent local and systemic infec-
tion. Various authors have described the types of
debridement.'® Both marginal and complete de-
bridements are appropriate in combat wounds.
However, Guthrie and Clasper recommend com-
plete debridement in war wounds to optimize re-
sources during war.'* High-pressure pulse lavage
may be appropriate in civilian trauma, but is not
recommended in combat-related injuries due to an
increase in tissue damage and a heavy microbial
contamination.'® Once the surgeon is satisfied with
the debridement, the wound is then treated by
NPWT system.

Further evaluation and definitive wound clo-
sure. Further evaluation and definitive closure
should be planned at higher medical echelons. Ide-
ally, combat wounds should be closed after 4-5 days
of final debridement. This is associated with faster
recovery and lower infection rates.'® However, with
the experiences gained during Iraq conflict, wound
reconstruction during the subacute period (7 days—3
months) has been reported with good outcomes.”

Indications of negative pressure therapy
in combat wounds

Sorensen et al. reviewed the use of NPWT and
published their results related to different treat-
ment variables.’® The indications of NPWT are
summarized below.

Temporary wound closure. NPWT provides an
ideal interior milieu for wound management. It
provides an airtight barrier which prevents con-
tamination and allows moist wound healing. The
NPWT can be started after first debridement and
continued during casualty evacuation. It may be
used after damage control surgery and temporary
abdominal closure in abdominal trauma.? Its use
during casualty air evacuation decreases infection
rates, reduces discomfort of dressing changes dur-
ing transit, and helps in early wound closure.>’

Wound preparation for final surgical closure. NPWT
can be continued until a definitive reconstruction is
undertaken or wound has healed by secondary in-
tention. Use of NPWT is associated with reduction
in size and depth of the wound and formation of
healthy granulation tissue suitable for wound cover.
Simpler reconstructive procedure can be undertaken
instead of complex reconstructions that require more
resources in terms of time, trained manpower, and
infrastructure.

As an aid for successful graft take. Split-
thickness skin graft (STSG) is one of the simpler
ways to cover a wound. It is vital to achieve successful
STSG take in combat wounds as it reduces morbidity
and infective complications. NPWT when applied
over STSG increases the graft take, reduces seroma
formation, and allows an early mobilization.'*?°

Adjunct therapy in combat wound reconstruction
using dermal substitute. Large combat wounds
with exposed bones and tendons that are not suit-
able for STSG can pose a challenge to the recon-
structive surgeon. A major reconstructive procedure
demands time, manpower, and resources that are
often scanty during a period of mass casualty influx
into a tertiary care military hospital. Helgeson et al.
described the use of bioartificial dermal substitute
in the management of complex combat-related soft
tissue wounds in conjunction with NPWT. The
matrix was covered with STSG within 3 weeks of
avoiding complex flap coverage.?!

Wound changes with NPWT
and mechanism of action

NPWT system consists of four major compo-
nents: (1) Filler material or sponge commonly used
as reticulated open cell foam (ROCF) placed directly
over the wound, (2) barrier air-tight dressings to
allow the system to transmit subatmospheric pres-
sure, (3) a connecting tube, and (4) a vacuum device
to generate subatmospheric pressure. An additional
layer as wound contact layer (WCL) may be used at
the interface between wound and the foam (Fig. 2).
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Schematic diagram of Negative Pressure Wound Therapy

Combatwound

Exudate

Figure 2. Components of NPWT, which have been explained in the text. NPWT, negative pressure wound therapy; ROCF, reticulated open cell foam. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

Large numbers of commercially available packs are
available to cater for wounds of different sizes.

The wound healing associated with NPWT is
multifactorial and is achieved by primary and
secondary means (Fig. 3).

Wound contraction. Negative pressure of about
125 mm Hg applied over the sponge shrinks its size
by 80%.2% This causes contraction of wound due to
centripetal forces exerted on the wound, called the
macrodeformation. The degree of macrodeforma-
tion depends upon the tissue type, tensile strength
of surrounding tissue, and the degree of suction
applied.?®

Microdeformation. At the cellular level, the
mechanical force generated by the negative pres-
sure is transmitted to the individual cells through
the extracellular matrix. This causes micro-
deformation of cytoskeleton, which is believed to
stimulate cell proliferation by a process called
mechanotransduction.?? These cellular changes
lead to undulated wound surface induced by foam—
tissue interface due to negative suction.?*

Fluid removal. The negative pressure removes
fluid from the depths of the wound in a closed system.
This is beneficial for wound healing as it reduces local

edema and hydrostatic pressure.?’ Decrease in ede-
ma and hydrostatic pressure allows increase in blood
flow to the wound, promoting healing.

Secondary mechanisms. These refer to mecha-
nisms that promote wound healing due to cellular
proliferation. Scherer et al. noted extended prolifer-
ated cell response in diabetic mouse model; they
found an increased expression of Ki-67 a biological
marker of cell proliferation.?® Increased fibroblasts,
endothelial and epithelial cell migration are also seen
with NPWT.2"?® This results in granulation tissue
formation. The pressure around the periphery of the
wound produces relative hypoxia, which stimulates
angiogenesis due to increased expression of vascular
endothelial growth factor (VEGF).?® The overall ef-
fect is reduction in size and depth of wound and for-
mation of robust granulation tissue over exposed
bone and other soft tissues. The microbial load in
wound treated with NPWT is also believed to be re-
duced, which itself promotes wound healing.>* How-
ever, the bioburden reduction with NPWT remains a
controversial topic and further studies are necessary
to ascertain the effect of NPWT on bioburden.

Advantages of NPWT in combat-related wounds

Reduced frequency of dressing changes. Due
to its ability to provide closed suction drainage and
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Figure 3. Multifactorial mechanism of action of NPWT. To see this illustration in color, the reader is referred to the web version of this article at

www.liebertpub.com/wound

the fact that single dressings can be used for pro-
longed periods (72h), saves manpower, time, and
effort without compromising the safety. It also
provides time to plan definitive management at a
higher center. Penn-Barwell et al. noted that less
frequent changes in NPWT dressings does not alter
the infection rates in combat wounds.?!

Reduction in wound infection rates. Leininger
et al. reported their experience with NPWT in
contaminated soft tissue injuries in Iraq. Despite
high-energy soft tissue wounds, the infection rate
were 0% with overall wound complication rate of
0%.2 This was attributed to early wound debride-
ment and irrigation and reduced hospital stay fa-
cilitated by NPWT. In another study published by
Peck et al. infection rate of only 4% was noted in
extremity war wounds treated by NPWT.32

Casualty evacuation. Casualty transfer to a
tertiary care hospital requires wound care during
transit. Time to reach this apex care facility is par-
amount for a successful reconstruction and wound
cover. Earlier reports of NPWT during air evacua-
tion were associated with wound complications from
failure of NPWT device. Fang et al. reported the
feasibility of NPWT during intercontinental aero-
medical evacuation of combat casualty with no in-

crease in wound complications. Thirty patients with
41 combat wounds were air evacuated from Ger-
many to continental United States (CONUS) with
a portable NPWT system (VAC Freedom System;
Kinetic Concepts Incorporated, San Antonio, TX).
They did not observe failure of the system and re-
ported no wound-related complications.?® Pollak
et al. described the use of NPWT during aeromedical
evacuation of casualties in blast-related injuries.
Ninety-five percent of them had minor complica-
tions requiring redebridement. Only 2 of the 218
patients had features of wound sepsis which were
managed with additional wound debridement and
irrigation. Seven cases had in-flight device problems
of which four could not be repaired. However, com-
plications were not increased in this subset of pa-
tients. Authors considered the use of NPWT during
aeromedical evacuation as safe and feasible.?*

Variables in NPWT

The system of NPWT incorporates certain vari-
ables that can affect the clinical outcomes. A
working knowledge of these variables can help a
military surgeon in optimizing the use of NPWT.

Pressure settings. A negative pressure setting
of 125mm Hg for the NPWT was based upon its
effect on granulation tissue formation in a porcein
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model.® Later in 2001, Morykwas et al. reported
their study in varying levels of subatmospheric
pressure in experimental wounds in swine model.
Wounds with negative pressure of 125mm Hg
had significant amount of granulation formation as
compared to pressures of —25 and —500 mm Hg.?®
Hence, a negative pressure of 125mm Hg was
adopted for the clinical settings although the stud-
ies to this effect are lacking in human subjects.
However, in vivo studies on experimental models
have suggested a range of —50 to — 150 mm Hg as an
effective therapeutic range of negative pressure.?¢37

Intermittent versus continuous pressure. A typ-
ical continuous pressure NPWT consists of a set
negative pressure (—125mm Hg) at which the
therapy is continued. The intermittent pressure
therapy (IPT) consists of 5min on and 2min off
cycle. Concept of IPT was introduced based on
observations on animal models that granulation
tissue formation was faster with IPT than with
continuous therapy.® This form of therapy is asso-
ciated with pain and discomfort experienced by a
patient at every cycle of negative pressure and
spillage of body fluids in high exudative wounds
during off periods. To overcome these disadvan-
tages, the concept of variable pressure therapy
(VPT) was introduced, which consists of a smooth
transition between two extremes of set pressure,
but never touching 0 mm Hg. Both IPT and VPT
have better effect on granulation tissue forma-
tion than continuous pressure.?®*3° VPT may be
advantageous in terms of reduced pain and dis-
comfort as compared to IPT.

Figure 4. Mine blast foot with composite loss of tissue in foot (soft tissue
and osseous destruction in heel region is obvious). To see this illustration in
color, the reader is referred to the web version of this article at www
liebertpub.com/wound

Figure 5. Wound debridement showing the removal of devitalized tissue
and foreign bodies. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/wound

Filler material. Two commonly used filler ma-
terials used in NPWT are polyurethane foam in the
form of ROCF and antimicrobial gauze. Both have
been found to be equally effective with regard to
blood flow and wound contraction in smaller
wounds.***! However, the pain experienced during
removal of dressings was significantly less with
gauze dressings as compared to foam dressings,
which was due to lower ingrowth of tissues into
gauze dressings.*? Therefore, choice of the filler
material is based on individual wound character-
istics and hence may be institutional protocol
based. The foam may be beneficial in large deep
wounds without significant contours like fas-
ciotomy wounds in limbs which are amenable for
direct wound closure after NPWT.*? However, the

Figure 6. Application of NPWT system. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/
wound




NEGATIVE PRESSURE WOUND THERAPY IN COMBAT WOUNDS 385

Figure 7. After 3 weeks of NPWT showing healthy granulation tissue. To
see this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/wound

gauze is considered suitable for shallow irregular
wounds or deep cavities due to ease of application
and its better conforming nature.**

Dressing change frequency. Regular monitor-
ing of wounds is necessary in NPWT. There are no
fixed intervals for dressing and may vary from 2 to
4 days.*® This variation in dressing change is due to
wound characteristics and degree of contamina-
tion. Shweiki et al. reported the safe interval for
subsequent dressing change after initial dressing
in acute contaminated wounds. They concluded
that 1.7-4.1 days (2.9 mean =+ 1 SD) interval as safe
and effective for subsequent dressing change after
initial placement.*®

Figure 8. Soft tissue cover achieved with extended reverse sural artery
flap. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/wound

Figure 9. Gunshot wound shoulder showing large exit wound. To see this
illustration in color, the reader is referred to the web version of this article
at www.liebertpub.com/wound

Indicators of successful NPWT

Successful NPWT is characterized by the change
in color and amount of exudates. The exudates
volume should gradually reduce with its color
change from bloody to serosanguineous. The
wound appearance changes to red as the granula-

Figure 10. Application of NPWT system. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub
.com/wound
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tion tissue appears on the wound. A velvety ap-
pearance of the wound indicates ingrowth of
granulation into the filler material. The wound size
should reduce serially with successful NPWT and
new epithelial growth may be visible at the wound
edge. Failure to observe these signs may call for
introspection of NPWT.

Clinical use and protocols based on NPWT
in managing combat wounds

We started using NPWT in combat wounds
based on various reports published in literature.®*
Casualties with gunshot wounds and mine blast
injuries were managed with NPWT followed by
delayed soft tissue cover. Patients were transferred
from forward surgical center to a tertiary care
center where advanced facilities of combat casualty
care were available. Since the time for air evacua-
tion was short, no NPWT was applied during
aeromedical evacuation. On arrival to our center,
all life-threatening conditions were first treated
and then the patients were subjected to relook of
wounds. Debridement of wound was undertaken if

necessary and NPWT system was applied with a
subatmospheric pressure of 125 mm Hg. Second-
look surgery was undertaken only if wound re-
vealed signs of contamination and an ongoing
necrosis especially in blast injuries. Foam was
placed on the wounds with a marginal overlap and
sealed with an adhesive drape. Negative pressure
of 125 mm Hg was used in the system. Appropriate
delayed reconstruction was undertaken to cover
the wound (Figs. 4-12). We have not used this de-
vice in the presence of wounds with necrotic tissue
and with purulent exudates. WCL (antibiotic-
impregnated paraffin gauze) is used when NPWT
is required to stabilize a STSG.

Complications with NPWT

Although there are reports of major complica-
tions with NPWT in noncombat-related wounds,
only minor complications have been reported with
NPWT in combat-related wounds. This could be
due to the nature of wounds being subjected to
NPWT. Most complications were due to bleeding
and infections.*"*®

Figure 11. After 2 weeks of NPWT. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/
wound

Figure 12. After 6 weeks of NPWT showing dramatic reduction in size.
Direct wound closure was achieved. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/
wound
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Future directions

Management of abdominal injury in
combat trauma holds a special signifi-
cance. Open abdominal wounds pose a
challenge to the combat surgeon. Re-
peated abdominal surgeries require tem-
porary closure of abdomen with a device
which can protect the underlying viscera
and yet it should be easy to apply. The
ABThera Open Abdomen Negative Pres-
sure Therapy System (Kinetic Concepts
Incorporated) provides a method in tem-
porary abdominal closure due to blast
injuries or as in damage control surgery.
This system when applied to porcine
model was associated with lower systemic
response syndrome and reduced multi-
organ failure due to sepsis.*® Similarly,
the negative pressure incisional man-

TAKE-HOME MESSAGES

Basic science advances
e Combat wounds are characterized by extensive tissue damage and gross
contamination with foreign bodies.

e Complete wound debridement and irrigation followed by delayed re-
construction forms the basis of management of combat-related wounds.

Clinical science advances
e The outcomes of these wounds have shown to improve with the use of
NPWT. The mechanism of action is multifactorial—macrodeformation,
microdeformation, and secondary mechanisms.

e Its use has extended from managing soft tissue wounds of trunk and
extremities to open abdominal wounds sustained during war.

Relevance to clinical care
e NPWT can be used effectively during the acute phase of combat wound
management. Its use is associated with reduced wound infection rates,
decreased frequency of wound dressings, and manpower saving.

e NPIMS is being evaluated to prevent surgical wound breakdown in at-
risk battle casualties.

agement system (NPIMS) was developed

to manage surgical wounds, which con-

tinued to drain following surgical closure or were at
a high risk of wound complications. This system
maintains a closed environment and removes ex-
udates, thereby reducing the local inflammatory
response and hematoma. This can be of an im-
mense value in a patient who is likely to have
wound complications following surgery. Colli re-
ported its use (Prevena Incisional Management
System; Kinetic Concepts Incorporated) on surgi-
cal incisions after cardiac surgery in high-risk pa-
tients. This form of therapy was used in 10 patients
with a mean Fowler risk score of 15.1 with no
wound-related or device-related complication. This
study was limited by a small cohort size.’® Simi-
larly Matatov et al. reported its use in the preven-
tion of groin wound infection in vascular surgery
patients.’! Ninety patients underwent vascular
procedures with a longitudinal or transverse fem-
oral cut down. Thirty percent of incisions in non-
Prevena group had groin wound infections while
only 6% of incisions in Prevena group had wound
infection. This was found to be statistically signif-
icant (p=0.0011). The role of NPIMS in combat
wound management needs further evaluation and
is an area of future research. It can aptly be stated
that reducing wound complications in a surgically
created wound will help in early recovery and fas-
ter rehabilitation of injured soldiers.

SUMMARY

Use of NPWT has proved to be an important
modality in the management of complex war in-
juries. Military surgeons have moved on from wet

gauze dressings to this novel modality of wound
therapy in resource depleted war conditions.
Standardization of this therapy and protocol-based
management of combat wounds helps to achieve
favorable outcomes. Its role is still evolving in
the management of open abdominal wounds and is
an area of further research in high-risk surgical
incisions. It is without doubt that NPWT has
changed the way military surgeons manage combat
wounds.
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CONUS = continental United States
IED = improvised explosive device
IPT = intermittent pressure therapy
NPIMS = negative pressure incisional
management system
NPWT = negative pressure wound therapy
OEF = Operation Enduring Freedom
OIF = Operation Iraqi Freedom
ROCF = reticulated open cell foam
STSG = split-thickness skin graft
VEGF = vascular endothelial growth factor
VPT = variable pressure therapy
WCL = wound contact layer




