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cations discussing its clinical application and outcomes. However, whilst clini-
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how this important therapy influences healing. Further, much research and
many publications are predominantly reflective, discussing early theorem,
some of which have been proven incorrect, or at least not fully resolved leading
to misunderstandings as to how the therapy works, thus potentially denying
the clinician the opportunity to optimise use towards improved clinical and
economic outcomes. In this narrative review, we discuss established beliefs
and challenges to same where appropriate and introduce important new
research that addresses the manner in which mechanical strain energy
(i.e., deformations) is transferred to tissue and how this influences biological
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negative pressure dressing formats, how they influence the mode of action and
how this understanding can lead to more efficient and effective use and clinical
economic outcomes.
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1 | INTRODUCTION

1.1 | Overview of the known
mechanisms of action of negative pressure

Since the first description of the utility of negative pres-
sure wound therapy (NPWT) and its ability to accelerate
wound healing, published by Morykwas et al.' and
Argenta and Morykwas” in 1997, wound care has been
revolutionised through the application of this technology
to the management of acute and chronic wounds. How-
ever, although many agree that there is no unifying the-
ory as to the mechanisms/modes of action (MOAs) of
NPWT,> and to a large extent the complete set of MOA is
still unknown, particularly concerning cell scale and
molecular scale effects,” the well-known and generally
perceived MOAs at the secondary effect level, which at
the forefront include a tendency towards- increased blood
flow and tissue perfusion, have been questioned in some
quarters.®’® On this point, much of the historical evi-
dence regarding NPWT has been derived from a funda-
mental misunderstanding of the biological and
physiological processes taking place, particularly with
respect to the influence of NPWT systems on soft tissue
pressure levels and more generally speaking, internal tis-
sue loading changes®®*'" and the consequent influence
of the system on wound perfusion.” Hence, there remains
considerable debate regarding the MOAs of this now
commonly used intervention.

Kairinos® and Macionis'' recognise a lack of consen-
sus with respect to the biophysics and biomechanics
underlying the MOAs of NPWT, particularly with refer-
ence to whether it reduces or increases soft tissue pres-
sures under suction; Kairinos et al.” note that a correct
understanding of processes in play with respect to tissue
pressures will lead to a better understanding of perfusion

chronic wound care, influence zone theory, mechanisms of action, neo-angiogenesis,

« Microdeformations at the wound environment stimulate granulation tissue

« Shifting from traditional to single-use negative pressure wound therapy
(NPWT) during treatment may improve healing.

« The influence zone concept explains a broader mechanical stimulation in
single-use NPWT.

« New insights are reported on NPWT-induced angiogenesis following the

« Integrating mechanobiology concepts in single-use NPWT will refine treat-

changes under NPWT. The importance of clarifying the
controversy surrounding the impact of NPWT, whether
negatively or positively, on tissue pressures, and conse-
quently perfusion, lies in the fact that it will influence
other aspects of NPWT, including the direction that
future research should take to elucidate its MOA as well
as enabling the better formulation of indications and con-
traindications for its use.

A widely accepted and cited aspect of NPWT hinges on
reports of up to fourfold increases in tissue perfusion.' In
this narrative review work, dissecting the MOAs of NPWT,
we will weigh the above publications against other, more
recent evidence which potentially reverses the widely held
belief that this increased perfusion is a fundamental MOA
type supposedly occurring due to blood vessel dilation
under NPWT.” Accordingly, our guiding research question
was ‘What are the primary and secondary MOAs in NPWT,
and how does the evolving understanding of these mecha-
nisms impact clinical effectiveness and optimization of NPWT
systems and treatments?’ To address this question, we con-
ducted a thorough literature review using the following
databases: PubMed/Medline, Cochrane Library, Scopus,
Google Scholar and the Web of Science. We focused on
peer-reviewed original research articles, literature reviews,
evidence synthesis, systematic reviews, meta-analyses, scop-
ing reviews, narrative reviews, critical reviews, chapters in
books and formal publications of professional medical soci-
eties. We excluded non-peer-reviewed sources such as con-
ference proceedings, meeting abstracts and posters. Our
review was limited to studies involving adult populations
requiring advanced wound care, and we excluded non-
English publications and studies published more than
30 years ago. An iterative process was used to identify key
search terms, starting with the keywords: angiogenesis; cel-
lular mechanotransduction; exudate management; foam
dressing; granulation tissue formation; histopathology;
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macro-deformation; MOA; mechanobiology; micro-defor-
mation; multilayer dressing (MLD); NPWT; single-use
NPWT (suNPWT); tissue perfusion; traditional NPWT
(tNPWT); wound contraction; wound environment optimi-
zation; wound healing and wound microenvironment.
Rather than a limited macroscale analysis, we place particu-
lar emphasis on the micro-scale mechanobiological impact
of NPWT and the cellular changes resulting (Figure 1).” We
support our hypotheses by Doppler ultrasound measure-
ments of open wounds and histopathology studies con-
ducted by the clinical authors, however, as will be
discussed further, additional controlled clinical studies are
still needed to validate these findings.

The objective of this narrative review supported by
wound case and pathological studies is therefore to inves-
tigate and elucidate the MOAs underlying NPWT
through a comprehensive analysis of previous literature,
to better distinguish between primary and secondary
effects of NPWT, aiming to provide a deeper

Thermoregulation & moisture retention

Drainage of wound exudate including:
- Excess fluid
- Inflammatory mediators
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FIGURE 1 The modes/mechanisms of action (MOAs) of

negative pressure wound therapy: (A) a conceptual description
1.12

reproduced from Huang et al.”“ Under a Creative Commons licence
and (B) the MOAs classified according to their presence in the
macroscopic versus the microscopic scales as per the current

analysis of literature.
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understanding of how NPWT promotes wound healing
and its potential implications for clinical practice. It is
our hope that the current observations, in terms of what
is actually occurring within the wound under NPWT, in
light of a new mechanobiological understanding of at
least some aspects of its MOA, can re-ignite interest in
this wound care research and development area.

1.2 | The classic mechanisms of action
suggested for NPWT

The concept of NPWT was first described by Morykwas
et al.' and Argenta and Morykwas® in 1997 who con-
ducted a series of animal and human studies, respec-
tively, using a novel subatmospheric pressure system
developed by KCI under the trade name Vacuum
Assisted Closure System. Although the basic principles of
applying subatmospheric pressure or suction (often
wrongly referred to as ‘negative pressure’, as physical
pressure can only be a positive value'*'?) to various types
of the wound are the same, the technique is referred to
by a wvariety of different terms including micro-
deformational wound therapy, negative pressure therapy
and NPWT.'*> However, for the purpose of the current
work we will use the term NPWT generically throughout,
even though the majority of early studies were conducted
with the KCI Vacuum Assisted Closure technology.

In general terms,>'>!*'> the application of tNPWT
systems involves conveying subatmospheric pressure,
either continuously or intermittently,' to the wound bed
by way of foam"?* or gauze dressings (Figure 1A). The
wound dressing behaves as a pressure manifold, to which
negative pressure is applied, and commonly takes the
form of reticulated, open-cell polyurethane foam, in
which the open pore structure of the dressing provides
the pressure transduction. Once in place the foam dress-
ing is covered and sealed with a semi-occlusive polyure-
thane film, or drape, through which a hole is cut, and a
suction pad attached from which an outlet tube leads to
a vacuum pump and fluid collection canister. Optionally,
a wound contact layer is applied at the skin-foam inter-
face to avoid tissue ingrowth into the open pores of the
foam which causes disruption to the tissue, and often
incomplete re-epithelialisation and pain to the patient on
removal of the dressing.'®'” Under the suction created by
the vacuum pump the foam dressing collapses into the
wound, effectively forming a closed wound, at which
point as the foam is pushed into the wound the skin is
compressed into the intra-strut spaces of the sponge, and
in doing so, the sponge stretches and stimulates the
skin.'> As these mechanical forces are applied it results
in tension being applied to the tissue substrate (Figure 1).
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Using the dressing construct described above, and
with pressure levels of 125 mmHg below ambient pres-
sure, Morykwas et al." conducted four studies utilising a
pig model to assess the effect of NPWT on (1) laser Dopp-
ler velocimetry-measured blood flow in wounds and adja-
cent tissues; (2) rate of granulation tissue formation;
(3) bacterial clearance from infected wounds and
(4) quantification of nutrient flow through random-
pattern flap survival. In the work of Morykwas et al.,' the
blood flow (or perfusion) levels increased fourfold (400%
above baseline) when 125 mmHg subatmospheric pres-
sure was delivered to the foam above the wound site.
Rates of granulation tissue formation increased signifi-
cantly when negative pressure was applied either contin-
uously or intermittently. Bacterial counts in tissue
decreased significantly after 4 days, and the random-
pattern flap survival was significantly increased. It is
worth noting that the findings of tNPWT effects on bacte-
rial load are inconclusive, with studies other than those
of Morykwas et al." recording no influence on the biobur-
den levels in the studied wounds, or a tendency towards
an increased bioburden.'® A more recent innovation, one
form of NPWT that has been demonstrated to be highly
effective in reducing bioburden and supporting to resolu-
tion of infections is the so-called NPWT instillation."
This innovation supports the intermittent instillation and
evacuation of non-medicated solutions such as normal
saline and fluids containing antimicrobial agents, and in
many institutions, this is now the front-line therapy
in addressing complex infected wounds.

From the landmark study of Morykwas et al.,' it was
concluded that ‘application of controlled subatmospheric
pressure creates an environment that promotes would
healing’. Of 300 wounds treated in a clinical study con-
ducted by Argenta and Morykwas,> 296 wounds
responded well to NPWT as indicated by increased rates
of granulation. Thus, the now widely held consensus on
primary mechanisms of action of NPWT encompasses:
(1) promotion of increased perfusion'; (2) creation of
mechanical forces that stimulate a mechanobiological
response in tissues and cells*; (3) reduction of oedema
and removal of exudate'?; (4) alteration of wound fluid
composition and (5) reductions in bacterial load."

1.3 | Histopathology of a NPWT
environment during healing

Huang et al.'* evolved, with others® compartmentalising
MOA into primary MOA and secondary effects. Primary
MOA encompasses (1) macrodeformation or induced
wound shrinkages; (2) microdeformation; (3) fluid
removal and (4) optimisation/alterations of the wound

environment. Secondary effects are cited to include
(1) modulation of inflammation; (2) cellular responses
including division, migration and differentiation;
(3) angiogenesis; (4) formation of granulation tissue;
(5) peripheral nerve response and (6) changes in biobur-
den.'” Through histological assessment, in their study on
pressure ulcers/injuries, Salvati et al.*® confirmed and
quantified these MOA, additionally noting there appears
to be a point at which NPWT no longer elicits a cellular
response, possibly indicating that there is a normalisation
to the mechanical stressors leading with time to a quies-
cence state. Specifically, the Salvati et al. study® investi-
gates the anatomo-pathological evaluation of scarring in
250 elderly patients with chronic cutaneous wounds fol-
lowing NPWT treatments. The authors observed a reduc-
tion in wound areas, particularly in the first few weeks of
treatment. The biopsies acquired at different time points
to assess the wound evolution revealed distinct histologi-
cal changes over the treatment period, culminating in the
observation of an ‘immature scar’ at approximately
21 days post-treatment (Figure 2). Salvati et al.** con-
cluded that NPWT is most effective within the first
3 weeks but requires further research to elucidate under-
lying cell signalling and molecular mechanisms affecting
regeneration beyond this period. Histological findings of
our expert micropathologist author SR (Figure 2) further
revealed consistent repair responses in biopsies in which
necrobiotic tissue and ulceration were initially observed
and wounds subjected to NPWT: first, an inflammatory
stage occurs with increased inflammatory cells and gran-
ulation tissue formation; then the inflammation resolves
and follows by the proliferation of fibroblasts and myofi-
broblasts, leading to scar formation; finally, the wound
healing progresses into scar formation with decreased
cellularity and collagen deposition (Figure 2). The biopsy
findings in Figure 2 were overall robust and reproducible,
albeit dependent on the specific area and cause of
wounds. Our current histological evaluation highlights
the effectiveness of NPWT in accelerating the healing
process (with different behaviours observed in epidermal
and dermo-epidermal layers).

2 | PRIMARY MECHANISMS OF
ACTION

2.1 | Macro-deformations and their
effect on perfusion levels in the wound
environment

Macro-deformation describes the biomechanical effects
of NPWT leading to wound shrinkage with a decreased
wound surface area and depth,>'? or contraction,>?®
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| Day #21

FIGURE 2 Histological weekly progression of wound healing
under negative pressure wound therapy over 21 treatment days,
demonstrated using Haematoxylin and Eosin staining: at baseline,
ulceration with dermal necrosis and fibrinous tissue (fibrin,
neutrophils and cellular debris) is shown (magnification level,
ML = 100x). After 1 week, fibromyxoid stroma with increased
vascularity, that is, granulation tissue, and inflammatory cells
promoting the myofibroblast development-inflammatory stage are
demonstrated (ML = 250x). After 2 weeks, myofibroblasts, the
central cells driving fibrosis, appear as morphologically enlarged
and irregular (star or web-shaped) spindle cells; these are
surrounded by oedema towards the primary extracellular matrix-
proliferative stage (ML = 400x). After 3 weeks, as the wound
healing approaches completion, the formerly cellular tissue is
transformed into a poorly cellular scar. In the top frame
corresponding to day #21, an increased collagen fibre deposition
in the dermis is exhibited. The myofibroblasts disappear as the
healing progresses. The fibroblasts display a slender fusiform,
spindle shape and smooth-contoured nucleus at this stage and the
collagen fibres maintain an approximately parallel array, with
fascicles that are demarcated by small, thin-walled blood vessels
(ML = 100x). In the bottom frame, which was also acquired on
day #21, there is a focus on the transition between immature and
mature scar tissues, also showing scattered residual
myofibroblasts surrounding a few collagen bundles (ML = 250x).
These histological slides were provided and interpreted by author
SR who is an expert pathologist.
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induced by the collapse of foam dressing pores and cen-
tripetal forces acting on the wound surface whilst under
NPWT.'>?! This results in the wound edges being drawn
together and the peri-wound skin being remodelled to
extend accordingly.'” Mechanical deformations of tissues
at the wound edge, if not excessively low or high, are also
known to stimulate the formation of granulation tis-
sue,">>12212223 Qbgervations from in vitro® and in vivo®
studies with NPWT, conducted by Kairinos et al., indicate
an increased extracellular pressure in tissues below the
wound bed, which is thought to be due to macro-
deformation inducing the tissue compression.'* This lat-
ter point is of considerable importance because before
Kairinos et al. published their findings on tissue pressure
changes under NPWT, the general assumption was that
pressure decreases. Orlov and Gefen further demon-
strated, by means of computer (finite element) modelling,
that the soft tissue volume under the wound bed is sub-
jected to a complex, compound loading state which
involves simultaneous compression, tension and shear
and is therefore highly nonuniform.>! In other words, the
uniform negative pressure delivered to the surface of
the wound by the NPWT is transformed into inhomoge-
neous macro-deformations within the tissue depth.’ In
this context, and with respect to the clarification of how
NPWT influences tissue stress states, traditional theories
of the effects of NPWT on blood flow need to be revisited
and revised, since the tissue loading and blood flow/
perfusion quality are inextricably linked.**!

2.2 | Fluid handling of excessive wound
exudate and thermal protection of
the wound

Fluid handling represents a key treatment element lead-
ing to a wound environment that favours healing.'?
Foam dressings and semi-occlusive drapes used in
NPWT, which exhibit properties of minimal permeability
to water vapour and other gases, provide thermal insula-
tion, so maintaining warmth to the wound,'*** and fur-
ther maintain a moist and stable wound environment
conducive to healing as proposed in the principle of
moist wound healing developed by Winter et al.'>'32%23
The evacuation of excess fluids with any accompanying
proteins and electrolytes theoretically stabilises oncotic
and osmotic gradients at the surface of the wound.'>"?
Regarding the influence of fluid handling by NPWT,
which promotes effective and continuous evaporation of
exudate from the external dressing surface utilising the
entire surface of the dressing (compared to conservative
dressings),'**® it is often the case that chronic wounds
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and oedema occur concomitantly, such as in venous leg
ulcers.'>*® Argenta and Morykwas® noted in a clinical
study of NPWT application to chronic wounds, including
pressure ulcers/injuries, that chronic oedema was abol-
ished and led to increased localised blood flow. As the
application of NPWT to the wound interface facilitates
the removal of excess tissue fluids, this leads to a reduc-
tion in interstitial fluid contents and as a result, to lower
interstitial pressure levels, which in turn reopens
obstructed or occluded capillaries, thus restoring blood
flow to the peri-wound tissues.*” This is a separate mech-
anism perceived to increase blood flow than that suppos-
edly occurring by the dubiously proposed reductions in
pressure below the NPWT dressing, which purportedly
allows dilation of blood vessels with a consequent
increase in blood flow/perfusion. We are now question-
ing the latter mechanism as the findings of Kairinos
et al.’® point to blood flow being in fact reduced by appli-
cation of NPWT due to the now proven increases in tis-
sue pressures®’ and the compound loading state reported
by the Gefen group,”’ with consequent compression, ten-
sion and shearing of blood vessels occurring under the
NPWT dressing.

2.3 | Micro-deformation at the wound
bed and their impact on granulation tissue
growth

Micro-deformation at the foam-wound interface is
caused by the microtopography of the porous'? foam
dressings used in the NPWT treatment process,12 which
mechanically stimulates the surface of the wound bed.’
Such ‘micromechanical’ distortions applied to the wound
bed surface are thought to lead to an array of mechano-
biological effects useful in the healing process.'? Predom-
inantly, the micro-deformational signals are thought to
influence the development of granulation tissue through
promotion of cell proliferation and migration.'* Ingber*’
conclude from their studies that integrins linking to the
plasma membrane and actin fibres in the cell cytoskele-
ton play a key role in cellular mechanotransduction,
which is defined as the process by which cells convert a
mechanical deformation signal, into a biochemical®” or
biological'> response, such as modulation of
proliferation,” differentiation and/or alterations in gene
expression or the intracellular environment'?; mechano-
transduction is thought to be integral to the MOAs of
NPWT (Figure 3)."* In this context, based on a computa-
tional finite modelling study, Saxena et al.*® proposed
that application of micro-deformational forces to the
wound site represents the most significant MOA of
NPWT and allude to in vitro studies*>° demonstrating

that when cells are subjected to certain substrate defor-
mations there is a tendency for them to divide where sol-
uble mitogens are present. Alternatively, the Gefen group
more recently reported that for mechanoresponsive
and motile cells such as dermal fibroblasts, micro-
deformations promote cell migration to close gaps caused
by mechanical damage in confluent cultures (Figure 3).>

Kinases are a group of enzymes that enable the phos-
phorylation of molecules to form biochemically active
molecules. With respect to this, cell deformation studies
further imply that stretching of dermal fibroblasts
increases the mitogen-activated protein kinase activity,
with one study showing that 1 h after stretching, expres-
sion of two types of kinases, namely ‘extracellular regu-
lated kinase’ and ‘Jun N-terminal protein kinase’ were
increased.*” Both of these kinases, which are upregulated
by either tensional stretch of a soft solid substrate or fluid
flow-induced shear stresses, are associated with cell divi-
sion (as well as with having an involvement in the vascu-
lar endothelial growth factor (VEGF) pathway that
ultimately leads to new vessel growth,** as discussed fur-
ther when addressing the secondary result of NPWT
treatments in promoting angiogenesis). In elemental
terms, soft tissues respond to mechanical forces by adapt-
ing their structure, composition and function with fibro-
blasts transducing the applied forces into biomechanical
signals ultimately resulting in their migration and colla-
gen synthesis at the destination for tissue repair; NPWT
is the generator of the forces in tissues which drive this
soft tissue remodelling via fibroblast activation.**>"*2

3 | SECONDARY MECHANISMS OF
ACTION

3.1 | Modulation of inflammation and
potential influence on the bacterial burden

Consistent with its effect of inducing micro-
deformational signals and reducing oedema, NPWT has
been demonstrated to modulate the local inflammation,
that is, dampen the pro-inflammatory response.'*** Spe-
cifically, in full-thickness porcine wounds, NPWT was
shown to reduce the numbers of peripheral neutrophils
and blood monocytes during the inflammatory phase.>
Additionally, serum proinflammatory cytokine levels,
including interferon-gamma and interleukin-6, were
reduced, as were the concentrations of interleukin-8,
transforming growth Factor-p1 and TNF-« in the wound
fluid.>*

Surgical site infections alone kill between 6 and
30 out of each 10 000 surgical patients®>*° and so the
potential of NPWT in this arena is vast. The influence of
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(A) aligns with levels sensed by cell
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(B)
FIGURE 3 Schematic depicting potential cellular responses to mechanical forces within the framework of negative pressure wound

therapy (NPWT). (A) Cells adapt their cytoskeleton in response to the mechanical microenvironment generated by the NPWT system,

potentially resulting in successful or unsuccessful adaptation (material reproduced from figure 1 in Gefen et a

1.*° with permission from the

publisher). If the mechanical loading from the NPWT system remains within tolerable limits and corresponds to stimuli levels sensed by cell
mechanoreceptors as migratory-promoting signals (i.e., within their sensitivity range for activating migration), cells may exhibit migratory

responses (B). These responses are marked by the assembly of contractile cytoskeletal elements, predominantly actin filaments, at the
leading edge of the cell, whilst detachment occurs posteriorly. This mechanism facilitates cell body advancement along the direction of the
force (or stress) gradient and is an important mechanism of action of NPWT at the cell scale.

NPWT on bacterial burden is a controversial issue.'?
With some studies indicating decreased bacterial levels'
whilst others demonstrate no change, increased biobur-
den or comparable levels between NPWT and controls."?
Evidence-based recommendations for NPWT published
in 2011 state that ‘evidence suggests that reduction of
bacteria in wounds is not a major mode of action
of NPWT’."® Consistently, Birke-Sorensen et al.'® sug-
gested that the action of NPWT on bacterial burden
might be secondary to other benefits of NPWT, including
the formation of granulation tissue, wound contraction,
increase in wound environment perfusion and control of
oedema. With that said, it is possible that NPWT, particu-
larly NPWT systems delivering intermittent pressures,
are inducing an environment that is not convenient for
bacteria to form biofilms in the wound as the tissue sub-
strata for these are mechanically unstable (i.e., are mov-
ing and not stationary). Further, if reduction in bacterial

load is a primary clinical objective, then a system
designed specifically for this action, NPWT-instil has
been demonstrated to be highly effective, particularly as
the instillation of fluids containing antimicrobial agents
is enabled." Lastly, if bacteria- or fungi-binding dressing
materials are combined with the NPWT,*’ that creates an
opportunity for double protection: trapping pathogens in
the dressing or alternatively, carrying them away from
the wound into a wound fluid collection canister.

3.2 | Angiogenesis

Sufficient blood flow into the wound site is of utmost
importance to wound healing as it allows the provision of
oxygen, circulating inflammatory cells, glucose and other
essential nutrients to the tissue, as well as removing
waste products detrimental to wound healing. As such,
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evidence of angiogenesis, and consequent increased
blood flow being stimulated by NPWT, implies that this
is one of the most beneficial MOAs of NPWT.? Angiogen-
esis at the site of wounds is promoted by micro-
deformations, specifically, the application of tension and
shear”® leading to mild hypoxia, or low-grade ischaemia.
These do not typically form at a level that causes massive
and immediate cell death.”'® Rather, the low-grade hyp-
oxia and ischaemia are likely causing a biological mitiga-
tion response of the body, which puts into play VEGF
release and formation of a gradient of this growth fac-
tor'>*® that may, in turn, encourages directionalised
growth of blood vessels to create additional redundancy
in the vascular network, and eventually, bypass the
obstructed pathways for renewing normal tissue perfu-
sion.'” This is a well-established mechanism in cardiol-
ogy in the context of partially blocked coronary vessels
and of course, applies also to the microcirculation as
related to NPWT. Specifically, Kairinos et al.”'® have
demonstrated temporarily decreased blood flow at wound
edges under NPWT and it has subsequently been
hypothesised'*** that the resultant mild hypoxia induces
upregulation of hypoxia-inducible factor-la and subse-
quent stimulation of VEGF expression and as a result
angiogenesis is stimulated via this hypoxia-inducible
factor-la-VEGF (HIF/VEGF) pathway.

4 | SCIENTIFIC,
TECHNOLOGICAL AND CLINICAL
PROGRESS IN VIEW OF THE MOAs

Over the course of several days, NPWT typically results in
a decrease in the size of the treated wound by way of gran-
ulation tissue formation, which, as explained above, is a
major and primary MOA of NPWT; this may benefit surgi-
cal closure, particularly by secondary intention.'®* In a
study of NPWT amongst 30 patients with infected chronic
wounds including pressure ulcers/injuries, Isago et al.*
reported reduced wound area and stimulation of granula-
tion tissue formation. Reductions in the wound area were
lowest at —25 mmHg and progressively higher at —50,
—75 and —125 mmHg; however, the differences between
the latter three pressure settings were statistically indistin-
guishable. These data point to the existence of a non-zero
(absolute) negative pressure threshold below which NPWT
is likely to be clinically ineffective and further suggest that
this threshold is below |—50| mmHg.

Granulation tissue growth stimulated by NPWT may
fill in large tissue defects partially or completely'®; how-
ever, full wound closure can only be achieved through
cell proliferation from the peri-wound in addition to the
formation of granulation tissue. A combination of a

treatment by a tNPWT system designed for inpatient use
(which includes a canister for fluid collection from the
wound) followed by treatment in the community using a
suNPWT system, is promising in improving clinical out-
comes and reducing wound care costs.**™** The SUNPWT
systems are typically utilising MLDs which extend over
greater margins to the peri-wound, and thereby, distrib-
ute the mechanical strain energy (i.e., the tissue deforma-
tions) beyond the wound margins.**** This enables more
effective recruitment of dermal fibroblasts from the peri-
wound dermis, specifically from within what is known in
the work published by Gefen as the ‘influence zone’.*>**
Describing the peri-wound as the biological reservoir for
fibroblasts and myofibroblasts essential for tissue repair
and healing, Gefen showed using a computational model-
ling framework that there is an optimum level of peri-
wound tissue deformations for gaining the benefits of
NPWT, and that the size of this influence zone - in which
optimal tissue deformation levels apply - is affected by
the specific size, shape and materials of the MLD serving
as the vessel for pressure delivery and the absolute pres-
sure magnitude. The delivered pressure magnitude needs
to be neither too much nor too little, and be consistent over
the entire period of therapy.*** Gefen specifically reported
that negative pressures below |40 mmHg| are under-
stimulating the tissues and therefore, ineffective.*>**

4.1 | The transition from traditional to
SsuNPWT

Since the development and validation of conventional,
tNPWT systems"* which are reusable and incorporate a
canister and foam wound filler with film dressing to
cover, SUNPWT systems have been developed, which are
either canister-based (CB) or lack a fluid collection canis-
ter and are therefore named canisterless (CL). Both sys-
tem types utilise MLDs through which to convey therapy,
and in the case of CL systems, to exclusively manage
wound drainage. Using an ex vivo pre-clinical skin
model, Wilkinson et al.*> compared between tNPWT and
a CL suNPWT system with respect to the induction of tis-
sue, cellular and molecular changes. They reported that
the suNPWT system caused less damage to wound edge
tissue than traditional application, demonstrated by
improved skin barrier, reduced dermal-epidermal junc-
tion disruption and a dampened damage response.*
These authors further conducted transcriptional profiling
which confirmed significantly less activation of multiple
pro-inflammatory markers in wound edge skin treated
with sSuUNPWT versus tNPWT.*> Matrix metalloproteinase
levels were also studied and found to be higher with the
tNPWT system, which could lead to delays in healing by
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way of subjecting matrix components to excessive prote-
olysis.*> Overall, compared with tNPWT, the studied
suNPWT induced substantially less inflammation, epider-
mal damage and apoptosis.*’

A primary difference between tNPWT and suNPWT
systems stems from how the negative pressure is deliv-
ered to the wound environment, and the resulting tissue
response. In tNPWT, a film-foam dressing is used
whereas in sSUNPWT systems the wound is covered by an
MLD. The bottom layer of MLDs, that is, the wound pad,
does not collapse or contract under the negative pressure
as does foam, but predominantly compresses. Hence,
contraction at the wound site may not occur to the same
extent under MLDs as in tNPWT systems.”'® The MLD

High

FIGURE 4 Concept of the influence
zone (IZ) induced by a negative pressure

Deformation/strainintensi

wound therapy (NPWT) system.
According to the IZ theory developed and Low
published by author Gefen,** cells sense

and respond to mechanical cues within

their microenvironment, which may

extend beyond the immediate area of

direct negative pressure application by the

NPWT system (adapted from Gefen

et al.** with appropriate modifications

made to emphasise the current clinical

context).
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construction further leads to microdeformational signals
over a larger area of the wound and neighbouring skin,
so that the impact of the pressure therapy typically
reaches 2-3 cm beyond the wound edges (Figure 4).*>**
Importantly, the overall degree of soft tissue deforma-
tions and mechanical tractions under MLDs is likely to
be less than that for the film-foam format used in
tNPWT. In other words, based on the literature reviewed
above, we propose that in suNPWT systems, the domi-
nant primary MOAs are fluid handling and microdefor-
mation, not macrodeformation. We also hypothesise that
because blood vessels are distorted, obstructed and
occluded around the wound edges under film-foam-
based tNPWT, the consequent hypoperfusion zone at the
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wound margins abates cellular activity, so negating
the processes of cell migration and epithelialisation, thus
further diminishing the benefits of the microdeformation
NPWT MOA. The clinical hope is therefore that by judi-
ciously combining tNPWT with MLD-based suNPWT in
smaller and shallower cavity wounds, complete wound
closure can be achieved without the need for
grafting.**** We suggest here that sUNPWT not only pro-
motes the microdeformational MOA but also, in particu-
lar, alleviates the distortions leading to obstruction or
occlusion of blood vessels feeding the wound and the
consequent hypoperfusion, by redistributing tractional
forces (and related tissue stress concentrations) directly
over the wound margins.*>** Clinical studies would be
required to prove the above hypotheses.

With regards to CB versus CL design concepts for
suNPWT, both CB and CL systems have their advantages
and limitations. In principle, the choice between the two
types depends on multiple clinical and cost factors includ-
ing the mobility of the individual, their physical and psy-
chological comfort with the selected system type, the ease
of use, financial considerations in the specific setting and
of course, the clinical experience and effectiveness for
managing the particular wound aetiology and severity.
From a technology perspective, CL systems rely solely on
the evaporation of excess exudate from the MLD to the
environment, whereas CB systems constantly transfer the
wound fluids directly into a collection canister, thereby
ensuring that the performance of the system is not affected
by, for example, clothing, compression bandaging, or any
other objects potentially covering the dressing, and are
also independent of the ambient conditions, particularly
the relative humidity.** A CB suNPWT system therefore
delivers intrinsically stable provision of the intended
wound bed negative pressure,*® however, this system type
may not fit all patients, for example, due to psychological
(body image) impact as the canister is a potential source of
visual and odour awareness of fluids drained from the
wound.*”** With that said, for infected wounds in particu-
lar, CB systems have the capacity to transport infectious
materials away from the dressing, into the canister.*®

4.2 | The ‘influence zone’ concept linked
with single-use systems and MLDs

Unlike traditional film-foam dressings used in tNPWT,
which focus negative pressure only on the wound bed,
absorptive MLDs used in the suNPWT systems have the
potential to distribute the negative pressure over the peri-
wound skin area as well as the wound bed.**** This
means that absorptive MLD dressings, distributing the
pressure to both the peri-wound skin and the wound bed,

have a wider ‘influence zone’, which has been defined by
the Gefen group as the peri-wound skin ‘strain state’
(of the dermis), than traditional dressings.*>** Accord-
ingly, their combined computational modelling work and
animal studies of suNPWT systems with MLDs indicate
that these systems likely enable stimulation of more
responsive and available factors in the peri-wound tissues
which include a substantial reservoir of fibroblasts poten-
tially available for recruitment from the dermis during
the wound-healing process.*>** According to Orlov and
Gefen,** for fibroblast stimulation and their en-mass
migration to the wound bed, the optimum mechanical
strain, that is, the optimal microdeformation level, lies
between 0.5% and 3%.** Since a discrete strain threshold
was required for a computational finite element analysis
in their work, the mid value (1.75%) was taken. If the
1.75% strain threshold was exceeded it was taken to be
associated with the likely induction of a fibroblast migra-
tory response; however, with strains below this value
such a migratory response was thought to be less likely.*
These finite element analysis simulations, of the ‘influ-
ence zone’ as a function of the negative pressure applied,
successfully demonstrated that consistent delivery of neg-
ative pressure and the resulting mechanostimulation of
the peri-wound skin throughout treatment is critical to
clinically successful outcomes.”> With loss of the
intended pressure for any reason, there would be a reduc-
tion in dermal stimulation levels at the peri-wound, and
with severe pressure losses, below a |-40] mmHg pres-
sure delivery, the microdeformation stimulation level at
the peri-wound may approach zero.****

4.3 | Clinical cases demonstrating the
proposed angiogenesis mechanism in
practice

Colour Doppler ultrasound (CDU)? is widely used in
wound care’ as an effective method for quantifying the
likely hypoxias and induced neogenesis in the wound
environment as hypothesised by Kairinos et al.>° We
have thus conducted a number of cases (Figures 5 and 6;
work led by clinical co-author MC) demonstrating suc-
cessful outcomes in progressing wounds to closure in a
timely way through the use of a combination of film-
foam tNPWT applied in early phases of healing which
was later replaced by a CB suNPWT system with MLDs.
As explained above, the change from tNPWT to suNPWT
has likely altered the manner in which pressure is trans-
duced to both the wound and peri-wound, specifically
expanding the influence zone to recruit more cells neces-
sary for wound closure, as per the Gefen theory.*>**
Whilst the maturity and size of each treated wound
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FIGURE 5 Cases demonstrating, by means of colour Doppler ultrasound (CDU), that under negative pressure wound therapy (NPWT),
hypoxia can induce neo-angiogenesis: (A) progression of a burn injury healing on the right shoulder (left frames) over 19 days of NPWT.
Indication for new vessels appears (as coloured spots) in the CDU images (centre frames) at the end of this period (bottom-centre image,
marked with yellow arrow) compared to very poor microcirculation at baseline (top-centre image); concurrently, the wound size and depth
reduced from baseline values of 11.9 cm? and 1 mm to 7.9 cm” and ~0 mm, respectively (area reduction of 44%; wound size-time plot shown
in the right frame). (B) Evolution of necrotising fasciitis (left frames) wound healing over 17 days of NPWT delivery, from a baseline wound
size of 25.7-18.3 cm” by day 17 (area reduction of 28.8%), which was accompanied by a reduction in wound depth from 3.0 to ~0 mm.
Again, new vessels are evident in the CDU examination (yellow arrow in bottom-left image) after poor microcirculation at baseline (top-left

image). (C) A 4-year-old vascular ulcer (top frames) treated by means of NPWT reduced in size from 17.7 to 15.6 cm? after 27 days (area
reduction of 11.8%), during which the wound depth reduced from 15 to ~0 mm. As in the previous two cases, neo-angiogenesis is
demonstrated in the bottom CDU images post the NPWT treatment (bottom frames), compared to poor vascularisation when the treatment

began (centre frames).

ultimately dictated the specific course of treatment
according to clinical experience, the cases reported below
are compelling examples of implementation of the Gefen
influence zone theorem, and in particular, how a change
in the pressure transduction vehicle (i.e., the dressing)
can have a profound positive effect on the cellular activ-
ity stimulated. The cases further exemplify the fact that
not all NPWT systems/formats/treatment protocols are

the same and/or will illicit the same healing response.
This is not to say however that one specific embodiment
of NPWT is superior to the others, but that they are dif-
ferent and there is a clear clinical benefit to recognising
differences in MOAs and considering these alternative
presentations as constructive compliments or for future
improvements of NPWT technologies. Future controlled
clinical studies can provide further support to this theory.
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FIGURE 6 Wound progression and
response to negative pressure wound
therapy (NPWT) over a 43-day period in a
63-year-old woman with a trauma wound
following a motorcycle accident.

(A) Initial presentation of a 3-month-old
wound. (B) After debridement on the first
day. (C) Following 14 days of treatment
by means of traditional NPWT. (D) After
a further 10 days of traditional NPWT
therapy using a film-foam dressing (top
frame) the wound size continued to
reduce (bottom frame). (E) Clean, healthy
granulation tissue after 14 days of NPWT
therapy with traditional film-foam
dressing, with wound area and depth
mapped prior to switching to single-use
NPWT (suNPWT) with a multilayer
dressing. (F) Progression after seven
additional days of treatment using the
SuNPWT system, with ongoing
regranulation and mapping of wound area
and depth; the reduction in wound area

(H)

The three cases in Figure 5 use CDU to support the
hypothesis that under NPWT, hypoxia can induce neo-
angiogenesis. The case in Figure 5A shows the progres-
sion of a burn injury healing on the right shoulder
(Figure 5A; left frames) over 19 days of NPWT.
Post-treatment, coloured spots appeared in the CDU
images which could represent new vessel formation
(Figure 5A; centre frames) at the end of this period
(Figure 5A; bottom-centre image, marked with yellow
arrow), compared to very poor microcirculation at base-
line (top-centre image). Concurrently, the wound size
and depth reduced from baseline values of 11.9 cm” and
1mm to 7.9 cm’® and nearly zero, respectively (area
reduction of 44%; wound size-time plot shown in
Figure 5A, right frame). The second case, in Figure 5B,

(19%) and depth (86%) is evident.

(G) Final assessment after 43 days of
SuNPWT therapy, demonstrated
considerable improvement. (H) The
Doppler ultrasound images taken after

4 weeks (bottom frames) demonstrate
increased perfusion of the wound bed
with neo-angiogenesis (yellow arrows),
resulting in an evident uniform perfusion
profile (i.e., no hypoperfusion zones)
compared to poor perfusion at baseline
(top frames). Aspects of these cases have
been reproduced from Henriksson et al.>°
with permission from the publisher and
new Doppler data in the context of the
current article were added to them.

shows the evolution of necrotising fasciitis (Figure 5B;
left frames) wound healing over 17 days of NPWT deliv-
ery, from a baseline wound size of 25.7-18.3 cm? by day
17 (area reduction of 28.8%), which was accompanied by
a reduction in wound depth from 3 mm to again nearly
zero. The new colour signal evident in the CDU examina-
tion again suggests angiogenesis (Figure 5B; yellow arrow
in bottom-left image) after poor microcirculation at base-
line (Figure 5B; top-left image). The third case is of a
4-year-old vascular ulcer (Figure 5C; top frames) treated
by means of NPWT. The wound reduced in size from
17.7 to 15.6 cm? after 27 days (area reduction of 11.8%),
during which the wound depth reduced from 15 mm to
nearly zero. As in the previous two cases, neo-
angiogenesis is demonstrated in the bottom CDU images
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post the NPWT treatment (Figure 5C; bottom frames),
compared to poor vascularisation when the treatment
began (Figure 5C; centre frames).

A fourth, and more detailed case description, of
wound progression and response to NPWT over a 43-day
period in a 63-year-old woman with a trauma wound fol-
lowing a motorcycle accident is depicted in Figure 6,
from the initial presentation of a 3-month-old wound
(Figure 6A), to post-debridement on the first day
(Figure 6B), then following 14 days of treatment using
film-foam tNPWT (Figure 6C), and after further 10 days
of tNPWT during which the wound size continued to
reduce (Figure 6D) and eventually considered sufficiently
mature for switching to CB suNPWT with MLDs
(Figure 6E). The wound continued to progress to healing
and after seven additional days of treatment using the
suNPWT system, exhibited ongoing regranulation and
smaller wound area and depth (Figure 6F); the reductions
in wound area (19%) and depth (86%) were evident. Upon
final assessment after 43 days of sSUNPWT therapy, a con-
siderable improvement was documented (Figure 6G).
Importantly, CDU images taken after 4 weeks (Figure 6H;
bottom frames) demonstrated increased perfusion of the
wound bed with neo-angiogenesis (Figure 6H; yellow
arrows), resulting in an evident uniform perfusion profile,
that is, no hypoperfusion zones, compared to poor perfu-
sion at baseline (Figure 6H; top frames).

The fifth and last case presented here nicely depicts
the absence of hypoperfusion whilst treating a chronic
wound with suNPWT (Figure 7). Specifically, a 70-year-
old patient with a history of heart disease and diabetes
was presented with a 4-month-old vascular malleolar
ulcer (Figure 7A). Microcirculation was evaluated using
Laser Doppler in both tNPWT and suNPWT. Initial
assessment with tNPWT revealed poor microcirculation
in the peri-wound area with a considerable gradient
between the central wound and surrounding areas
(Figure 7B), however, after switching to suNPWT, there
was a notable improvement in microcirculation in both
the wound and peri-wound areas, with relatively small
areas of localised ischaemia confined only to the wound
edges (Figure 7C).

These cases altogether serve as practical, graphic
examples of the clinical benefits of a deeper understand-
ing of the MOAs of NPWT, specifically angiogenesis and
microdeformations, and motivate an appreciation for
how the manner in which the intended therapy is deliv-
ered can yield beneficial clinical (and then, likely, better
cost-effectiveness) outcomes. Lastly, it is important to rec-
ognise that clinical case studies are inherently uncon-
trolled, meaning that other interventions performed
before or during the NPWT treatment, as well as
throughout the evaluation period, may also have
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FIGURE 7 A 70-year-old patient with a history of heart
disease and diabetes was presented with a 4-month-old vascular
malleolar ulcer (A). Microcirculation was evaluated using Laser
Doppler in both traditional negative pressure wound therapy
(tNPWT) and single-use NPWT (suNPWT). Initial assessment with
tNPWT revealed poor microcirculation in the peri-wound area with
a considerable gradient between the central wound and
surrounding areas (B), however, after switching to sSuNPWT, there
was a notable improvement in microcirculation in both the wound
and peri-wound areas, with relatively small areas of localised
ischaemia confined only to the wound edges (C).

influenced new blood vessel formation. Therefore, our
current findings underscore the need for further con-
trolled clinical trials to validate the hypotheses proposed
in this study.

5 | SUMMARY AND
CONCLUSIONS

Since its introduction nearly three decades ago, the tech-
nology of NPWT has undoubtfully revolutionised all the
subfields of wound care, in both chronic and acute con-
texts. Whilst the effectiveness of NPWT technologies in
promoting wound healing is now widely acknowledged,
the exact MOAs remain an ongoing subject of debate
(Figure 1). This narrative review examined and analysed
the existing literature to elucidate the primary and sec-
ondary MOAs of NPWT. We further used original
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histopathology (Figure 2) and clinical data (Figures 5 and
6) collected by our co-authors with the respective exper-
tise to support new arguments.

All NPWT systems essentially apply subatmospheric
pressures to the wound bed using dressings for fluid han-
dling and modulation of the wound environment. How-
ever, growing evidence challenges the notion that
increased perfusion is a primary MOA in the modulation
of the wound environment, suggesting in fact that micro-
deformations play a more significant role than thought
before (Figure 1). Our analysis of the literature combined
with clinical experience indicates that microdeformations
at the wound bed, which are known to stimulate cell pro-
liferation and migration and are therefore crucial for
granulation tissue growth, are best achieved using
suNPWT with MLDs. In fact, changing from tNPWT to
SuNPWT during the course of treatment, which elimi-
nates the macrodeformations associated with foam mate-
rial shrinkage in the tNPWT route, promotes
angiogenesis after the mild hypoxia-induced VEGF
expression under the tNPWT, which then enhances tis-
sue perfusion. Additionally, suNPWT systems facilitate
better mechanostimulation of the peri-wound skin, pro-
moting fibroblast migration and tissue repair according
to the Gefen influence zone theorem (Figures 3 and
4).*** This newer suNPWT technology therefore cur-
rently offers advantages over tNPWT alone, or at least, it
complements it when used in combined therapy. The
newer technology of sSuUNPWT shows promise in optimis-
ing tissue response and further promoting wound heal-
ing, likely based on a better understanding of how the
sizes, shapes and materials of MLDs interact with differ-
ent wound aetiologies and types. Further research is
much needed in this area, to fully understand MOAs and
refine applications for improved clinical outcomes.

Most importantly, although many of the proposed
MOAs of NPWT are generally accepted to be with good
foundation, some aspects of this knowledge are now
believed to be flawed, specifically with regard to blood
perfusion. Although there is no doubt that perfusion at
distances greater than 1cm from the wound edges is
eventually increased after NPWT, the mechanism by
which this occurs is now thought more likely to be due to
increases in tissue pressures under tNPWT leading
to low-grade ischaemia, which stimulates angiogenesis
and new vessel growth. Further research should be
focused on how to best utilise the low-grade ischaemia to
stimulate (micro)angiogenesis, either by creating new
suNPWT systems that will deliberately cause that at the
first phase of treatment, then utilise the microdeforma-
tion MOA for further granulation tissue growth, or more
short-term, by combining existing tNPWT with suNPWT
systems for optimal treatment protocols.
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ENDNOTE

 Using sound waves, CDU provides real-time imaging of blood ves-
sels and can detect areas of reduced or increased blood flow which
helps monitoring effectiveness of chronic wound treatments, and
can guide clinical decisions regarding interventions to improve
circulation such as debridement or vascular surgery. It is particu-
larly valuable in detecting suboptimal blood perfusion that may
impair wound healing.

REFERENCES

1. Morykwas MJ, Argenta LC, Shelton-Brown EI, McGuirt W.
Vacuum-assisted closure: a new method for wound control and
treatment: animal studies and basic foundation. Ann Plast
Surg. 1997;38:553-562.

2. Argenta LC, Morykwas MJ. Vacuum-assisted closure: a new
method for wound control and treatment: clinical experience.
Ann Plast Surg. 1997;38:563-576; discussion 77, 577.

3. Lalezari S, Lee CJ, Borovikova AA, et al. Deconstructing nega-
tive pressure wound therapy. Int Wound J. 2017;14:649-657.

4. Tsago T, Nozaki M, Kikuchi Y, Honda T, Nakazawa H. Effects
of different negative pressures on reduction of wounds in nega-
tive pressure dressings. J Dermatol. 2003;30:596-601.

5. Borgquist O, Ingemansson R, Malmsjo M. The influence of low
and high pressure levels during negative-pressure wound ther-
apy on wound contraction and fluid evacuation. Plast Reconstr
Surg. 2011;127:551-559.

6. Kairinos N. Mechanism of origin of positive tissue pressure
during negative-pressure wound therapy. Int J Low Extrem
Wounds. 2022;21:342-343.

7. Kairinos N, McKune A, Solomons M, Hudson DA, Kahn D.
The flaws of laser Doppler in negative-pressure wound therapy
research. Wound Repair Regen. 2014;22:424-429.

85U0|7 SUOWIWOD A0 3|edldde au Aq psusenob ae ssppiie YO ‘88N JO s8Nl 10y ARIqIT8UIIUO /8|1 U0 (SUOTPUOD-PLIE-SLUIBIAL0D" A8 | 1M A1 1 BUIUO//SANY) SUOIIPUOD pUe SWB | 81 885 *[6Z02/2T/T0] U0 Afeigiauliu AB|IM ‘Usioueuld SUBIQ 1esSeH 1B1SBAINN AQ 86002 IMI/TTTT OT/I0P/WO00 A8 1M AReq 1 puljuo//Sdny Wwoiy pspeojumoq ‘2T ‘v20Z ‘XT8vZyLT


https://orcid.org/0000-0002-0223-7218
https://orcid.org/0000-0002-0223-7218

GEFEN b AL. m—Wl LEY_L® of 16
8. Kairinos N, Solomons M, Hudson DA. Negative-pressure Mechanobiol.  2021;20(1):193-204.  d0i:10.1007/s10237-020-
wound therapy I: the paradox of negative-pressure wound ther- 01377-6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

apy. Plast Reconstr Surg. 2009;123:589-598.

. Kairinos N, Solomons M, Hudson DA. The paradox of negative

pressure wound therapy - in vitro studies. J Plast Reconstr
Aesthet Surg. 2010;63:174-179.

Kairinos N, Voogd AM, Botha PH, et al. Negative-pressure
wound therapy II: negative-pressure wound therapy and
increased perfusion. Just an illusion? Plast Reconstr Surg. 2009;
123:601-612.

Macionis V. Mechanism of origin of positive tissue pressure
during negative-pressure wound therapy. Int J Low Extrem
Wounds. 2021;22:625-627.

Huang C, Leavitt T, Bayer LR, Orgill DP. Effect of negative
pressure wound therapy on wound healing. Curr Probl Surg.
2014;51:301-331.

Orgill DP, Manders EK, Sumpio BE, et al. The mechanisms of
action of vacuum assisted closure: more to learn. Surgery. 2009;
146:40-51.

Wilkes R, Zhao Y, Kieswetter K, Haridas B. Effects of dressing
type on 3D tissue microdeformations during negative pressure
wound therapy: a computational study. J Biomech Eng. 2009;
131:031012.

Saxena V, Orgill D, Kohane I. A set of genes previously impli-
cated in the hypoxia response might be an important modula-
tor in the rat ear tissue response to mechanical stretch. BMC
Genomics. 2007;8:430.

Malmsjo M, Ingemansson R, Martin R, Huddleston E. Wound
edge microvascular blood flow: effects of negative pressure
wound therapy using gauze or polyurethane foam. Ann Plast
Surg. 2009;63:676-681.

Jones SM, Banwell PE, Shakespeare PG. Interface dressings
influence the delivery of topical negative-pressure therapy.
Plast Reconstr Surg. 2005;116:1023-1028.

Birke-Sorensen H, Malmsjo M, Rome P, et al. Evidence-based
recommendations for negative pressure wound therapy: treat-
ment variables (pressure levels, wound filler and contact layer)
- steps towards an international consensus. J Plast Reconstr
Aesthet Surg. 2011;64(Suppl):S1-S16.

Gabriel A, Shores J, Heinrich C, et al. Negative pressure wound
therapy with instillation: a pilot study describing a new method
for treating infected wounds. Int Wound J. 2008;5(3):399-413.
Salvati A, De Gregorio A, Russo S, et al. Anatomo-pathological
evaluation of scarring of chronic cutaneous wounds after nega-
tive pressure wound therapy (NPWT) treatment. In:
Longobardi N, ed. Attualita e Tecnologie Nella Nuova Rete
Aziendale per il Trattamento delle Lesioni Cutanee Croniche
Copertina. Medicina e storia della medicina; 2012:35-38.

Orlov A, Gefen A. How influential is the stiffness of the foam
dressing on soft tissue loads in negative pressure wound ther-
apy? Med Eng Phys. 2021;89:33-41. doi:10.1016/j.medengphy.
2021.02.001

Morykwas MJ, Simpson J, Punger K, Argenta A, Kremers L,
Argenta J. Vacuum-assisted closure: state of basic research and
physiologic foundation. Plast Reconstr Surg. 2006;117:121S-
126S.

Katzengold R, Orlov A, Gefen A. A novel system for dynamic
stretching of cell cultures reveals the mechanobiology for deliv-
ering better negative pressure wound therapy. Biomech Model

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Winter GD. Formation of the scab and the rate of epitheliza-
tion of superficial wounds in the skin of the young domestic
pig. Nature. 1962;193:293-294.

Winter GD, Scales JT. Effect of air drying and dressings on the
surface of a wound. Nature. 1963;197:91-92.

Orlov A, Ciliberti M, Somma R, Gefen A. A robotic venous leg
ulcer system reveals the benefits of negative pressure wound
therapy in effective fluid handling. Int Wound J. 2023;21(2):
€14426. doi:10.1111/iwj.14426

Ingber DE. The mechanochemical basis of cell and tissue regu-
lation. Mech Chem Biosyst. 2004;1:53-68.

Saxena V, Hwang CW, Huang S, Eichbaum Q, Ingber D,
Orgill DP. Vacuum-assisted closure: microdeformations of
wounds and cell proliferation. Plast Reconstr Surg. 2004;114:
1086-1096; discussion 97-81096.

Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE.
Micropatterned surfaces for control of cell shape, position, and
function. Biotechnol Prog. 1998;14:356-363.

Huang S, Chen CS, Ingber DE. Control of cyclin D1, p27(Kipl),
and cell cycle progression in human capillary endothelial cells
by cell shape and cytoskeletal tension. Mol Biol Cell. 1998;9:
3179-3193.

Elder SH, Shim JW, Borazjani A, Robertson HM, Smith KE,
Warnock JN. Influence of hydrostatic and distortional stress on
chondroinduction. Bioheology. 2008;45:479-486.

Thampatty BP, Wang JH. Mechanobiology of fibroblasts. In:
Kamkin AG, Kiseleva IS, eds. Mechanosensitive Ion Channels.
Springer; 2008:351.

Norbury K, Kieswetter K. Vacuum-assisted closure therapy
attenuates the inflammatory response in a porcine acute
wound healing model. Wounds. 2007;19:97-106.

Lancerotto L, Bayer LR, Orgill DP. Mechanisms of action of
microdeformational wound therapy. Semin Cell Dev Biol. 2012;
23:987-992.

Agency for Healthcare Research and Quality. Surgical Site
Infections. 2019. Accessed accessed March 29, 2024. https://
psnet.ahrq.gov/primer/surgical-site-infections#:~:text=They%
20are%20the%20leading%20cause,will%20die%20as%20a%20
consequence

World Health Organization. Global Guidelines for the Preven-
tion of Surgical Site Infection. 2nd ed. World Health Organiza-
tion; 2018. Accessed March 29, 2024. https://www.ncbi.nlm.
nih.gov/books/NBK536404

Ciliberti M, De Lara F, Serra G, et al. The effect of a bacteria-
and fungi- binding mesh dressing on the bacterial load of pres-
sure ulcers treated with negative pressure wound therapy: a
pilot study. Wounds. 2016;28(11):408-420.

Erba P, Ogawa R, Ackermann M, et al. Angiogenesis in
wounds treated by microdeformational wound therapy. Ann
Surg. 2011;253:402-409.

Morykwas MJ, Faler BJ, Pearce DJ, Argenta LC. Effects of vary-
ing levels of subatmospheric pressure on the rate of granulation
tissue formation in experimental wounds in swine. Ann Plast
Surg. 2001;47:547-551.

Hurd T, Kirsner RS, Sancho-Insenser JJ, et al. International
consensus panel recommendations for the optimization of tra-
ditional and single-use negative pressure wound therapy in the

85U0|7 SUOWIWOD A0 3|edldde au Aq psusenob ae ssppiie YO ‘88N JO s8Nl 10y ARIqIT8UIIUO /8|1 U0 (SUOTPUOD-PLIE-SLUIBIAL0D" A8 | 1M A1 1 BUIUO//SANY) SUOIIPUOD pUe SWB | 81 885 *[6Z02/2T/T0] U0 Afeigiauliu AB|IM ‘Usioueuld SUBIQ 1esSeH 1B1SBAINN AQ 86002 IMI/TTTT OT/I0P/WO00 A8 1M AReq 1 puljuo//Sdny Wwoiy pspeojumoq ‘2T ‘v20Z ‘XT8vZyLT


info:doi/10.1016/j.medengphy.2021.02.001
info:doi/10.1016/j.medengphy.2021.02.001
info:doi/10.1007/s10237-020-01377-6
info:doi/10.1007/s10237-020-01377-6
info:doi/10.1111/iwj.14426
https://psnet.ahrq.gov/primer/surgical-site-infections
https://psnet.ahrq.gov/primer/surgical-site-infections
https://psnet.ahrq.gov/primer/surgical-site-infections
https://psnet.ahrq.gov/primer/surgical-site-infections
https://psnet.ahrq.gov/primer/surgical-site-infections
https://www.ncbi.nlm.nih.gov/books/NBK536404
https://www.ncbi.nlm.nih.gov/books/NBK536404

16 of 16 WI LEY—m

41.

42.
43
44.

45.
46.

47.

GEFEN ET AL.

treatment of acute and chronic wounds. Wounds. 2021;33-
(suppl 2):S1-S11.

Banasiewicz T, Banky B, Karsenti A, Sancho J, Sekac¢ 7,
Walczak D. Traditional and single use NPWT: when to use and
how to decide on the appropriate use? Recommendations of an
expert panel. Wounds Int. 2019;10(3):56-62.

Hu A, Tai J. Single-use portable negative pressure wound ther-
apy (NPWT) and traditional NPWT in postoperative diabetic
foot ulcer: a case series. Wounds APAC. 2023;6(3):13-16.

Gefen A. The influence zone: a critical performance measure
for negative pressure wound therapy systems. Br J Nurs. 2022;
31(15):58-S12

Orlov A, Gefen A. Effective negative pressure wound therapy
for open wounds: the importance of consistent pressure deliv-
ery. Int Wound J. 2023;20:328-344.

Wilkinson HN, Longhorne FL, Roberts ER, Brownhill VR,
Hardman MJ. Cellular benefits of single-use negative pressure
wound therapy demonstrated in a novel ex vivo human skin
wound model. Wound Repair Regen. 2021;29:298-305.
Henriksson S. Single use negative pressure wound therapy
(SuNPWT) system with controlled fluid management
technology—an evaluation of performance. Wounds Int. 2021;
12(4):62-68.

Apelqvist J, Willy C, Fagerdahl AM, et al. EWMA document:
negative pressure wound therapy. J Wound Care. 2017,

48.

49.

50.

26(Sup3):S1-S154. Erratum in: J Wound Care. 2018 Apr 2;27
(4):253. doi:10.12968/jowc.2017.26.Sup3.S1

Miyanaga A, Miyanaga T, Sakai K, Konya C, Asano K,
Shimada K. Patient experience of negative pressure wound
therapy: a qualitative study. Nurs Open. 2023;10(3):1415-1425.
do0i:10.1002/nop2.1392

Gefen A, Weihs D. Cytoskeleton and plasma-membrane dam-
age resulting from exposure to sustained deformations: a
review of the mechanobiology of chronic wounds. Med Eng
Phys. 2016;38(9):828-833.

Henriksson A, Ciliberti M, Kouhia S. Using laboratory and
clinical data to inform best practice in the delivery of negative
pressure wound therapy. Wounds Int. 2024;14:46-53. https://
woundsinternational.com/wp-content/uploads/2023/12/WINT-
14-4_46-53_EWMA.pdf

How to cite this article: Gefen A, Russo S,
Ciliberti M. Revisiting negative pressure wound
therapy from a mechanobiological perspective
supported by clinical and pathological data. Int
Wound J. 2024;21(12):€70098. doi:10.1111/iwj.
70098

85U0|7 SUOWIWOD A0 3|edldde au Aq psusenob ae ssppiie YO ‘88N JO s8Nl 10y ARIqIT8UIIUO /8|1 U0 (SUOTPUOD-PLIE-SLUIBIAL0D" A8 | 1M A1 1 BUIUO//SANY) SUOIIPUOD pUe SWB | 81 885 *[6Z02/2T/T0] U0 Afeigiauliu AB|IM ‘Usioueuld SUBIQ 1esSeH 1B1SBAINN AQ 86002 IMI/TTTT OT/I0P/WO00 A8 1M AReq 1 puljuo//Sdny Wwoiy pspeojumoq ‘2T ‘v20Z ‘XT8vZyLT


info:doi/10.12968/jowc.2017.26.Sup3.S1
info:doi/10.1002/nop2.1392
https://woundsinternational.com/wp-content/uploads/2023/12/WINT-14-4_46-53_EWMA.pdf
https://woundsinternational.com/wp-content/uploads/2023/12/WINT-14-4_46-53_EWMA.pdf
https://woundsinternational.com/wp-content/uploads/2023/12/WINT-14-4_46-53_EWMA.pdf
info:doi/10.1111/iwj.70098
info:doi/10.1111/iwj.70098

	Revisiting negative pressure wound therapy from a mechanobiological perspective supported by clinical and pathological data
	Abstract
	1  |  INTRODUCTION
	1.1  |  Overview of the known mechanisms of action of negative pressure
	1.2  |  The classic mechanisms of action suggested for NPWT
	1.3  |  Histopathology of a NPWT environment during healing

	2  |  PRIMARY MECHANISMS OF ACTION
	2.1  |  Macro‐deformations and their effect on perfusion levels in the wound environment
	2.2  |  Fluid handling of excessive wound exudate and thermal protection of the wound
	2.3  |  Micro‐deformation at the wound bed and their impact on granulation tissue growth

	3  |  SECONDARY MECHANISMS OF ACTION
	3.1  |  Modulation of inflammation and potential influence on the bacterial burden
	3.2  |  Angiogenesis

	4  |  SCIENTIFIC, TECHNOLOGICAL AND CLINICAL PROGRESS IN VIEW OF THE MOAs
	4.1  |  The transition from traditional to suNPWT
	4.2  |  The `influence zone´ concept linked with single‐use systems and MLDs
	4.3  |  Clinical cases demonstrating the proposed angiogenesis mechanism in practice

	5  |  SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	Endnote
	REFERENCES


