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ABSTRACT

From antiquity to today, tissue repair and wound healing have
played a central role in health. Over the past generation, nega-
tive pressure wound therapy (NPWT) has shown itself to be a
valuable adjunct in wound healing, with effects that are superior
to many traditional wound treatment modalities. Applications of
NPWT are widespread, with use seen in management of severe
soft tissue loss, prevention of surgical site infections, treatment
of diabetic foot ulcers, and improving skin graft survival. This
article reviews the biology, mechanics, and therapeutic effects of
NPWT, while also discussing social and economic aspects of use.
Finally, various possible adjustments and modifications to NPWT
are addressed, all of which contribute to the continual evolution
of NPWT at the frontier of modern wound healing and surgery.
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INTRODUCTION
Background

Wound healing dates back several thousand years, with
early forms of treatment consisting of plant matter,
animal fats, and honey that were found to protect the
wound and absorb exudates. It was not until the 18th
and 19th centuries that surgery and antiseptic technique
became significant aspects of medicine. Modern wound
healing techniques were not introduced until the 20th
century. Today, wound care is its own medical specialty
and there are well over a thousand dedicated wound
healing centers in the United States.! The medical lit-
erature is inconsistent in crediting a person or group of
researchers to first use a vacuum-assisted device (VAD)

14 ecturer, SProfessor

"5Department of Surgery, Southern Arizona Limb Salvage
Alliance, University of Arizona College of Medicine, Tucson
Arizona, USA

Corresponding Author: David Armstrong, Professor, Department
of Surgery, Southern Arizona Limb Salvage Alliance, University
of Arizona College of Medicine, Tucson, Arizona, USA, e-mail:
armstrong.dg@gmail.com

to aid in wound healing; however, Moués et al’® state that
Russian researchers in the 1980s appear to be the first to
use negative pressure for wound treatment. Lambert et al®
detail the development of the modern-day negative pres-
sure wound therapy (NPWT), or wound vacuum-assisted
closure (VAC). In their outline, they accredit Morykwas
and Argenta with the introduction of the commercially
available wound VAC (VAC® Therapy System, KCI, San
Antonio, TX). The same team went on to determine the
optimal therapeutic pressures.>> Commercial availability
of NPWT has since expanded, and now one of over a
dozen systems can be chosen for clinical use. Evaluation
of available searchable literature also reveals that since
the introduction of NPWT to the clinical environment
there have been almost 2,000 published manuscripts
concerning its use and efficacy. More than 70 of these
studies have been found to include prospective random-
ized controlled trials. Considering its clinical utility, it is
of no small coincidence that there has been such intense
interest and investigation into NPWT and its utility in
the wound care setting.

Wound VAC Uses

There are multiple causes, types, and locations for
wounds, thus allowing wound VAC therapy a variety of
different and unique ways to promote a healthy wound
bed. Ozer et al* describe cases of severe trauma (a motor
vehicle accident and necrotizing fasciitis) to the perineum
in which NPWT was used. In the first case, the patient
was able to undergo surgery for closure of the wound via
free skin flap 6 days after the motor vehicle accident. In
this same study, two other patients, each with necrotiz-
ing fasciitis and extensive tissue loss, underwent VAC
therapy after unsuccessful treatment with alginates, but
had a clean wound bed with coverage of granulation
tissue after using the wound VAC.

There is an increasing body of data supporting NPWT
as an adjunctive modality at all stages of treatment for
grade IIIB tibia fractures. Schlatterer and Hirshorn®
discuss the efficacy of NPWT in preventing infection by
comparing the efficacy of silver-impregnated vs normal
black foam and extending the amount of time an exposed
fracture can be uncovered. In a subacute group of open
tibia fractures, defined as free flap closure between 8 and
42 days after fracture, the NPWT group had a 35% com-
plication rate and 6% infection rate vs 53 and 18% in the
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non-NPWT group. The rate of bony union in the subacute
fracture was on average 4.9 months in the NPWT group,
whereas it was 7.2 months in the non-NPWT group. The
authors agree NPWT is not a replacement for surgical
debridement or bony stabilization but can be effective as
an “active dressing” in removing exudates, preventing
dead spaces, and controlling edema.

It is estimated that 1% of the adult population in
developed countries and nearly 5% of the population >80
years old suffer from chronic leg ulcers (CLUs).5 Utilizing
standard protocols, only about 50% of these ulcers will
heal in <4 months and about 20% will not heal in <2
years, leading to inadequate healing and an increase in
inpatient admissions for treatment.®” Vuerstaek et al® con-
ducted a study comparing the efficacy of VAC therapy vs
conventional techniques including compression therapy
combined with a hydrogel or alginate dressing. The study
found that the median time to complete wound healing
was 16 days shorter for patients receiving VAC therapy.
It was also concluded in this study that NPWT was less
expensive when compared with conventional thera-
pies, patients related higher satisfaction, and endorsed
improved quality of life with its use. Furthermore, it was
outlined that NPWT use before a skin graft allowed for
more rapid achievement of 100% granulation tissue.®

Scherer et al’ investigated the efficacy of NPWT in
securing a split thickness graft vs a traditional bolster
dressing (cotton gauze and bandage with 5% mafenide
solution). The study showed that the VAC group had
fewer repeated split-thickness skin grafts with many
factors thought to be contributing to graft success, such
as prevention of hematoma formation or excessive serous
fluid accumulation, maintaining a moist environment,
and lowering bacterial load and thus decreasing chance
of infection. Blume et al'® found that NPWT is not only
more effective compared with advanced moist wound
therapy (MWT, alginates and hydrogels) by decreas-
ing time to and percentage of complete closure (14.3%)
of diabetic foot ulcers, but also significantly decreases
secondary amputation risk.

Lower extremity amputations are a serious com-
plication of diabetes, with 5-year survival rates lower
than many forms of cancer. Armstrong et al'! compared
some of the common forms of cancer to diabetes-related
amputations, with the 5-year survival rate of diabetic
amputations hovering around 50% a far worse prognosis
than both breast and prostate cancers, which have 5-year
survival rates greater than 80%. The researchers illustrate
that ischemic ulcers have the highest mortality and that
diabetic ulcers combined with other comorbidities, such
as with renal disease requiring distal bypass, have a
5-year survival rate around 5%. The literature is con-
sistent in illustrating the effectiveness and versatility of

NPWT, from increasing wound healing in severe trauma,
to saving time and money in treating CLUs, augmenting
quality of life, and reducing the rates of amputation and
likely also extending the lives of patients with diabetic

foot ulcers #1011

NEGATIVE PRESSURE WOUND
THERAPY BIOLOGY

Microphysiology

Negative pressure wound therapy begins working at
the microscopic level, creating tension that produces
cellular proliferation, increased vascularity, mechanical
stresses, and changes in cell signaling by subatmospheric
pressure that facilitates favorable wound bed character-
istics for healinglz'13 (Fig. 1). Chen' conducted research
on the mechanical deformity of cells and the effect this
has on growth and activation of integrin and growth
factor receptors. The researchers found that mechanical
stresses alter cellular chemical input, thereby producing
changes in the extracellular matrix (ECM) contents due
to localized cell tension that extend or expand the cell
mass within the local tissue microenvironment. Huang
et al"® further expanded upon these ideas and discuss
the effect of NPWT on cell cycles, stating that cell cycle
progression (Gl to S) is controlled by tension-dependent
changes in cytoskeletal structure and shape, and the pro-
gression between cell cycles is directly promoted by the
tension applied to a wound in NPWT. Furthermore, the
application of NPWT at 125 mm Hg of subatmospheric
pressure produces a flattened cell morphology that has
been shown to augment fibroblast ability to release energy
in the form of adenosine triphosphate (ATP), promote
cellular migration toward, and augment collagen filling
of the wound defect.'"

McNulty et al'® studied the effects of subatmospheric
pressure on cellular energetics using markers, such as
increased lactate and pyruvate as evidence of increased
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Thermoregulation and
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Drainage of wound
exudate including:
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—Inflammatory
mediators

Optimization of
wound bed

Macrodeformation
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Fig. 1: Primary mechanisms of microdeformation in NPWT3®
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oxidative phosphorylation and thus energy production.
The researchers found a 30% increase in levels of cyto-
chrome ¢ and ATP/adenosine diphosphate (54-441%)
as compared with the control (gauze under suction and
static controls). They also assessed protein synthesis as
an indicator of increased energy production, discovering
that platelet-derived growth factor and transforming
growth factor beta were significantly greater than the
controls. These changes in cell morphology created by
NPWT ultimately increase a cell's ability to respond to

mitogenic factors and promote cellular proliferation.!*!>18

Foam Mechanics

The range of pore size on the foam, 400-600 pum, is ideal
to maximize the growth of tissue."”?” The pores in the
foam material are constructed in a manner to produce
compression where there is tissue contact with the foam
and tension in between these areas of contact, thus
producing mechanical strain that encourages cellular
signaling to increase ECM production®! (Figs 2A to D).
A study of cell fibroblasts has shown their shape to be
dendritic in unstretched tissue and flat “sheet like” in
stretched tissue.”? Further studies have directly correlated

cell shape with activity: The dendritic shape correlates
with a cell in resting state, while the flat shape to a cell
undergoing stimulation or stress.”

The application of NPWT causes microdeformations
in a wound, stretch of individual cells, and average
increase in tissue strain ranging from 5 to 20%.* Further-
more, the use of this specialized foam with NPWT has
been shown to increase the amount of microdeformation
compared with gauze under pressure.?!

THERAPEUTIC EFFECTS
Literature Review

The therapeutic effects of NPWT have been found to
include quick healing of larger wounds, decreased
surgical site infection, and reduced incidence of wound
dehiscence.”% A study from 2005 by Armstrong et al*®
compared the efficacy of NPWT in diabetic partial ampu-
tation wounds to published standards of moist wound
care evaluating the University of Texas grade 2 or 3
wounds, which were much larger wounds than those pre-
viously studied (20.7 cm?vs 2.4-2.9 cm?). The researchers
found that utilizing NPWT for these more severe wounds
was just as efficacious, if not more effective, than NPWT

Figs 2A to D: Micro-computerized tomographic scanning of VAC® GranuFoam® and gauze dressing (constructed from USP class VII
gauze) demonstrates microscopic differences in structure and substance between the two dressing types
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used on the shallower wounds in the prior studies. They
also outlined that in their study, the non-NPWT patients
demonstrated a fourfold higher risk of undergoing further
amputation compared with those patients who used
NPWT treatment. Such stark difference was attributed to
accelerated wound healing and soft tissue deficit coverage
with granulation tissue in the NPWT group.

It is likely that decreased amputation rate and
increased rate of wound healing require a decreased bac-
terial burden. Many studies have illustrated the efficacy of
NPWT in decreasing wound bacterial burden as well as
incidence of infection. A meta-analysis by Semsarzadeh
et al?®® examining 14 manuscripts utilizing NPWT and
incidence of infection found the use of NPWT to decrease
the rate of surgical site infections. Chadi et al*® studied
surgical site infection rates after sacral wound debride-
ments in 49 patients. After adjusting for confounding
factors, incisional NPWT was found to be an independent
predictor in the prevention of a surgical site infection.
Vargo® looked at data from NPWT used on patients with
skin flaps with negative pressure applied for an average of
5.6 days, (5-7 days). None of the patients developed isch-
emia or necrosis of the skin flaps and no wound infections
were identified. The overall wound complication rate was
3%, with a comparable historical control wound complica-
tion rate of 20%. They reported a statistically significant
decrease in the infection rate with NPWT.

In addition to preventing surgical site infection,
NPWT may be used to prevent wound dehiscence.
Adogwa et al” gathered data on 160 patients in which
long-segment thoracolumbar spine fusions were per-
formed. Compared with the non-NPWT cohort, a 50%
decrease in the incidence of wound dehiscence was
observed with the use of NPWT.

Data from Liu et al*” indicate that NPWT inhibits the
invasion and proliferation of Pseudomonas aeruginosa in
burn wounds and decreases early mortality in a murine
model of burn-wound sepsis. These therapeutic benefits
likely result from the ability of NPWT to decrease bacterial
proliferation on the wound surface, reduce cytokine serum
concentrations, and prevent damage to internal organs. In
another study investigating P. aeruginosa bacterial burden
in wounds created on goats, NPWT found significantly
fewer bacteria in both NPWT groups when compared with
traditional wet-to-dry dressings at all imaging sessions
after the initial debridement and irrigation.®" Negative
pressure wound therapy may ultimately be used as a
strategy to decrease the risk and protect various wounds
from P. aeruginosa colonization and infection.

Tissue Approximation and Support

Negative pressure wound therapy has also been utilized to
aid in decreasing the incidence of hematoma and seroma

formation when placed over a closed incision.** Skin grafts
are often used to assist in soft tissue coverage of wounds
and are prone to failure due to increased shear forces,
infection, or hematoma or seroma formation at the graft—
recipient interface. Moisidis et al*® compared the quantita-
tive incorporation and qualitative appearance of skin graft
with the use of NPWT vs bolster dressing. The study found
that the qualitative appearance of the skin graft recipient
site was significantly improved in the NPWT group, while
the quantitative incorporation between the two groups
was not statistically significant. Scherer et al’ found that
skin grafts secured with NPWT had a decreased chance of
necessitating repeat skin graft placement compared with
standard bolster dressings, thus demonstrating its utility
in skin graft incorporation and survival.

Removing Exudates

While cytokines are a typically important driving force
in healing, the increased presence of certain cellular
signals is detrimental to a wound environment and
may actually lead to stalling the wound healing process.
Exudates from nonhealing wounds frequently exhibit
elevated amounts of proinflammatory cytokines, such
as tumor necrosis factor alpha (TNF-a), interleukin
(IL)-1 and IL-6, as well as increased amounts of matrix
metalloproteinase (MMP-2 and MMP-9).%+> A study by
Fajardo et al*® showed that low concentrations of mouse
recombinant TNF-a promoted angiogenesis, whereas
high levels inhibited angiogenesis. Borgquist et al®’
studied the effect of NPWT on wound contracture and
fluid removal in wounds created on eight pigs at varying
levels of pressure. The study found the amount of fluid
removed increased as the VAC pressure settings were
increased, with the maximal amount of fluid removed at
125 mm Hg of subatmospheric pressure. A wound VAC
will typically be set for 125 mm Hg of subatmospheric
pressure of suction. It is important to note that a lower
pressure setting can still be effective in the reduction of
both exudate and wound size. Lower pressures may be
of benefit in reducing pain attributed to NPWT.

Promoting Angiogenesis

The promotion of angiogenesis is another of the many
healing mechanisms provided by NPWT.*® A suction
pressure of 125 mm Hg has shown to increase blood flow
to subcutaneous tissue and muscle to levels four times that
of baseline.* Hypoxia-inducible factor-lalpha-vascular
endothelial growth factor pathway has been suggested to
be a possible mechanism for NPWT-induced angiogenesis,
and it is thought that a temporary reduction of blood flow
to the wound with subsequent dramatic increase via pro-
longed NPWT may stimulate this pathway and ultimately
lead to increased angiogenesis.***!

The Journal of Foot and Ankle Surgery (Asia-Pacific), July-December 2016;3(2):80-87
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NEGATIVE PRESSURE WOUND THERAPY
SOCIAL AND ECONOMIC IMPACT

Social Factors

A wound of increased severity may require a higher
frequency of dressing changes to ensure the mainte-
nance of a robust healing environment. Proper dressing
changes also often require access to skilled and trained
individuals. Negative pressure wound therapy can
serve to assist in reducing the frequency and number of
dressing changes, along with the time in between each
debridement.*? This advantage can aid in patient transi-
tion from hospital care to an inpatient skilled nursing
facility, inpatient rehabilitation, or home.

Itis important to consider that a skilled nursing facility
is often required for a smooth patient transition between
the hospital and home setting. The facility nursing staff
has the ability to perform VAC changes, ensure proper
continued operation of the machine, as well as provide
education and support to the patient in line with the goal
of wound healing. Negative pressure wound therapy can
be used as an effective tool to progress a wound to healing,
while allowing a patient the possibility of decreased visits
to a wound care center and physician provider.

Economic Factors

Dealing with chronic diabetic wounds can be very expen-
sive. Costs can quickly increase with dressing changes,
hospital stays, and outpatient visits. Apleqvist et al*?
studied the economic factors posed against 162 diabetic
patients with postamputation wounds. Patients were
followed for 16 weeks and divided into two treatment
groups. In this study, 77 patients received VAC therapy,
while 85 were treated with traditional MWT. The study
reported no difference in hospital admission numbers or
length of stay. More surgical procedures and outpatient
visits were found to be required by the MWT group com-
pared with the VAC therapy group. Furthermore, cost of
treatment was increased in the MWT compared with the
VAC therapy group, with MWT costing almost $39,000,
while VAC therapy showed a lower cost at nearly $26,000.
Initially, VAC therapy may appear to be more expensive
than MWT; however, the possibility of achieving wound
healing at a faster rate may actually save individuals and
institutions money throughout the course of treatment.

ADDITIONAL NPWT TREATMENTS
Ultraportable NPWT

In the first comparative-effectiveness study in tissue
repair and wound healing, Armstrong et al** compared
the ultraportable and mechanically powered smart nega-
tive pressure (SNaP) wound care system to the standard

electrically powered wound VAC therapy system in
regard to treatment of lower extremity wounds. The
study randomized 132 patients with lower extremity
wounds less than 100 cm? into receiving treatment with
either system and found no significant difference in
the amount of wound size reduction or wound closure
between the two devices. They did report that the SNaP
system was able to be applied more rapidly and, likely
due to the SNaP system’s small size, it had less apparent
impact on patients’ daily activities. The authors concluded
that mechanically powered ultraportable devices, such
as SNaP can be a valuable tool in patients with smaller
wounds that desire less impact on daily activities.

Bellows-type and “Locally Sourced”
NPWT for Low-resource Regions

Mody et al*® in 2015 described the use of a bellow pump
to provide hand-generated negative pressure therapy for
patients in resource-constrained areas. The pump is able
to provide approximately 75 mm Hg of vacuum pressure
and also serves as a receptacle for wound exudates. The
study analyzed the device on 71 dressings, with subset
analysis of the final dressing finding that negative pres-
sure was maintained for a period of approximately
32 hours. Other authors have reported the use of basic
medical supplies to fabricate similar devices with ben-
eficial outcomes*® (Fig. 3). Remarkably, these types of
devices have been shown to provide effective NPWT to
patients throughout the world who would typically not
have access to equipment with a higher resource and
economical cost.

Antimicrobial Foam

Negative pressure wound therapy may also be used as a
strategy to decrease or protect an open wound from infec-
tion. Animal studies have found a decreased incidence of

Fig. 3: Saraiya and Shah“® utilized available medical supplies to
recreate NPWT in areas of low resource and socioeconomic status
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P. aeruginosa with NPWT application to wounds created
on goats and mice.***! Specialized foam applications can
also assist in decreasing wound bacterial burden. Ozgiir
etal*’ divided 21 patients with wounds into two groups,
with 10 receiving traditional GranuFoam dressings, while
the other 11 received silver-coated GranuFoam dressing.
The study found that patients who received silver-coated
dressing had an increased number of negative wound
cultures compared with traditional foam dressing. Siegel
et al*® also demonstrated the use of silver-coated foam in
decreasing the length of hospital stay and frequency of
surgical debridement in patients with pelvic and extrem-
ity wounds.

Instillation

The application of NPWT with instillation (NPWTi)
allows the delivery of practitioner-selected fluid to the
wound with VAC therapy occurring between cycles
of instillation, with the ultimate goal being decreased
wound bacterial burden. Various instillation solu-
tions have been described, with consensus guidelines
deeming polyhexanide, polyhexanide plus betadine,
and Microcyn/Dermacyn as just a few of the possible
options.*’ Instillation of doxycycline and other tetracy-
cline antibiotics has been shown to inhibit excess MMP
production to create an environment that will allow for
improved wound healing.”’ In a small study, surgical
debridement followed by NPWTi with Dakin’s solution
(dilute sodium hypochlorite) application for a period of
10 days showed no growth of bacteria in five patients
who previously were colonized with greater than 10°
bacteria.”® Other authors have also reported on the use
of Dakin’s through NPWTi.*? Several studies, including
a single randomized, double-blinded, placebo-controlled
trial, demonstrated efficacy of topical and injected insulin
through NPWTi directly to ulcers in accelerating wound
healing.”>>* Scimeca et al” presented a patient who was
switched to NPWTi with insulin from traditional NPWT
after the wound showed apparent bacterial colonization
with biofilm and increased amounts of periwound mac-
eration on traditional NPWT treatments. After 48 hours
of therapy, the authors related the change from a wound
with the prior description to a wound with 90% granular
base and minimal periwound maceration, ultimately
allowing the patient to progress to skin graft application.

Topical Application of Collagenase

Miller et al®® studied the use of collagenase ointment on
diabetic wounds in conjunction with the use of NPWT
for enzymatic debridement. Utilizing clostridium col-
lagenase allows for the destruction and easy removal
of nonviable fibrous tissue while healthy viable tissue

remains intact. Clostridium collagenase therapy in com-
bination with NPWT in this case report was proven to
be a beneficial combination in complicated wound cases.

CONTRAINDICATIONS TO NPWT

The Food and Drug Administration reports that NPWT
is contraindicated for the following wound types and
conditions: Necrotic tissue with eschar present, untreated
osteomyelitis, nonenteric and unexplored fistulas, malig-
nancy in the wound and exposed vasculature, nerves,
organs, or anastomotic sites. Additional risk factors
to consider include patients who have a high-risk for
bleeding or hemorrhage, and patients on anticoagulants
or platelet aggregation inhibitor.”® It is important for the
physician to evaluate not only the wound but the patient
as a whole prior to administration of NPWT.

CONCLUSION

Treatment options and therapeutic approaches in wound
care are vast and diverse. These include well-known
treatments ranging from simple saline-moistened gauze
and topical wound gels, to more complex enzymatic
debridement topicals and antimicrobial colloidal dress-
ings. Negative pressure wound therapy is a significant
advancement in the realm of biomedical and wound
healing technology, which harnesses the innate physi-
ologic cellular response to external stimuli to promote
molecular change, incite cellular proliferation, and
advance wound healing. The coupling of this biological
response to NPWT with further biomedical advances has
allowed NPWT to emerge as arguably one of the most
powerful tools to assist in wound healing known to date.
As improvements in technique and application are con-
tinuously being developed and addressed throughout the
literature, it is important for one to determine the benefit
from the application of NPWT; undoubtedly, it has the
potential to serve as an effective method to accelerate the
rate of wound closure and improve a patient’s outcome.
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