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When you do research, you have treated 10,000 patients.

Robert Riffenburgh, author of “Statistics in Medicine”



Supervisor Professor Malin Malmsjo

Assistant supervisor  Associate professor Richard Ingemansson

Examiner Professor Gunnar Kratz

Examination Board  Professor David Ley
Associate professor Jan Apelqvist
Associate professor Ulrik Sartipy
Professor Stefan Hansson (deputy)
Associate professor Eskil Elmér (deputy)



Contents

Abstract

Populirvetenskaplig sammanfattning / Summary in Swedish
Papers included in this thesis

Other relevant publications

Introduction
Wound healing

Treatment of wounds
Negative pressure wound therapy

Aims
Methods

Animal preparation and surgical procedure

Microvascular blood flow measurements
Invasive laser Doppler flowmetry
Transcutaneous laser Doppler flowmetry

Thermodiffusion
Histology
Wound contraction

Statistical analysis

11
12

15
15
17
18
27

29
30

30
31
33
34

35
35
36



Results and Discussion

The effects of NPWT on blood flow
Level of negative pressure
Increase in blood flow 2.5 cm from the wound edge
Decrease in blood flow 0.5 cm from the wound edge
Effects on blood flow 1 ¢m from the wound edge —
the transition zone
Comparison of wound edge blood flow changes using transcutaneous
laser Doppler flowmetry, invasive laser Doppler flowmetry, and

thermodiffusion
Effects of intermittent and variable NPWT on blood flow

Mechanical effects of NPWT
Macrodeformation
Microdeformation

Fluid evacuation by NPWT

Conclusions
Effects of NPWT on blood flow
Mechanical effects of NPWT
Fluid evacuation by NPWT

Clinical implications
Negative pressure level
Wound filler
Continuous, intermittent and variable negative pressure

Closing remarks
Acknowledgements

References

Papers I-V

37

37
37
37
38

39

41
42

43
44
46

47

51
51
52
52

53
53
55
56
58
59
61

73



Abstract

Negative pressure wound therapy (NPWT) promotes wound healing through several
mechanisms, e.g., altered periwound blood flow, mechanical deformation of the
wound edge tissue, and drainage of excess fluid and debris. The general aim of this
thesis was to study the impact of different levels of negative pressure, different wound
filling materials (foam or gauze), and different ways of applying the negative pressure
(continuously, intermittently or variably) on the biological effects of NPWT in
peripheral wounds. The intention was to provide a scientific basis for the choice of
these parameters in order to be able to optimize the healing of NPWT-treated
wounds in the future.

Studies were carried out on peripheral wounds created on the backs of pigs. The effect
of NPWT on periwound blood flow was investigated using invasive and
transcutaneous laser Doppler flowmetry, as well as thermodiffusion. Blood flow was
found to decrease 0.5 cm laterally from the wound edge and increase 2.5 cm from the
wound edge; a transition zone being seen 1 ¢cm from the wound edge. Blood flow
changed gradually with increasing levels of negative pressure, reaching half maximal
effect at approximately —45 mmHg and maximum effect at about —80 mmHg. The
blood flow response was found to depend on the measurement technique. Applying
intermittent and variable pressure resulted in concomitant increases and decreases in
periwound blood flow. The combination of hypo- and hyperperfusion may be
beneficial in the process of wound healing.

The mechanical effects of NPWT were studied with regards to macro- and
microdeformation. It was found that the degree of macrodeformation, i.e., wound
contraction, increased gradually with increasing negative pressure level, reaching half
maximal effect at about —45 mmHg and near-maximal effect at —=75 mmHg. The
degree of wound contraction was the same regardless of whether foam or gauze was
used as wound filler. The effects of NPWT on microdeformation, i.e., the
microscopic interaction between the wound filler and the newly formed granulation
tissue, were examined histologically using stained sections of the wound bed. Both
foam- and gauze-based NPWT were shown to induce microdeformation of the
wound bed tissue.

The effect of NPWT on fluid evacuation from the wound cavity was measured
gravimetrically. The amount of evacuated fluid increased gradually with increasing
level of negative pressure, reaching a near-maximum at —125 mmHg. It may thus be



beneficial to treat wounds containing large volumes of exudate with a high negative
pressure initially (e.g., =125 mmHg), and then reduce the pressure to a level more
appropriate for the wound edge tissue.

In conclusion, the biological effects of NPWT were influenced by the negative
pressure level, the wound filling material and the way in which NPWT was applied
(continuously, intermittently or variably). Hopefully, the results of these studies may
provide a scientific basis for the choice of NPWT parameters in the treatment of
wounds. Further clinical studies are needed to corroborate our findings before
recommendations can be made regarding the NPWT settings for treatment of
different wound types and tissues in order to improve wound healing.



Populirvetenskaplig

sammanfattning

Summary in Swedish

Undertrycksbehandling av sir (negative pressure wound therapy, NPWT) har
forekommit under lang tid i olika utféranden. Sedan slutet av 1990-talet har
anvindningen av tekniken 6kat kraftigt inom flera kliniska discipliner eftersom
effekten pd sarlikning visat sig vara mycket god f6r méinga olika sartyper. Trots
omfattande forskning saknas det fortfarande kunskaper om hur olika instillningar av
behandlingen paverkar saret och den ombkringliggande vivnaden. Férdjupade
kunskaper om detta kan forhoppningsvis leda till forbittrad sirlikning och minskad
risk f6r komplikationer.

I princip finns det idag tre variabler som kan anvindas for att styra behandlingen:
undertrycksnivé, sirfyllnadsmaterial och applikationssitt. Traditionellt anvinds en
forhallandevis hog undertrycksniva, —125 mmHg. Som sarfyllnadsmaterial anvinds
polyuretanskum eller gasviv. Vad det giller applikationssitt anvinds oftast
kontinuerlig behandling, vilket innebir att undertrycksnivin hélls konstant (tex —75
mmHg). Om trycknivin i stillet alternerar mellan atmosfirstryck och, exempelvis,
-75 mmHg  benimns  detta  “intermittent  behandling”.  Variabel
undertrycksbehandling liknar den intermittenta behandlingen, men trycket forblir
hela tiden negativt (man alternerar t ex mellan —40 och =75 mmHg) och &vergingen
mellan undertrycksnivderna sker gradvis for att minska problemen med smirta hos
patienterna. Cyklerna ir vanligtvis sju minuter langa: fem minuter med hogt
undertryck och tvd minuter med lagt undertryck eller atmosfirstryck.

Syftet med studierna har varit att analysera de olika behandlingsinstillningarnas
paverkan pa visentliga likningsfaktorer (t ex blodflodesférindringar, sirkontraktion
och vitskedrinage) i sar och sirkant. Om man kinner till effekten pé sirvivnaden kan
man férhoppningsvis anpassa behandlingen for att optimera sarlikningen. Det ir
mycket svart att gora randomiserade, kontrollerade studier pi en heterogen
patientgrupp med sar av varierande etiologi. Vi har dirfér anvint sir pa grisar for vara
experiment. Grisens hud liknar manniskans.

I studie I visar vi att blodflédet i sirkanten dndras beroende pé vilken undertrycksniva
som anvinds och avstindet till sirkanten. Nira sirkanten (0,5 cm bort) minskar



blodflédet nir NPWT appliceras. Detta beror formodligen pa att vivnaden pressas
ihop under behandlingen. Lingre bort (2,5 cm frin sirkanten) okar
genomblodningen.  Mekanismen  f6r detta dr okind. De  beskrivna
blodflédesforindringarna ses redan vid laga undertrycksnivaer och 6kar allteftersom
undertrycket 6kar. Vid ca —80 mmHg nis en platafas. Direfter sker inga ytterligare
blodflédesindringar trots 6kande undertrycksnivier. Kombinationen av 6kat och
minskat blodfléde i vivnaden invid saret 4r sannolikt betydelsefull for sarlikningen. I
studie II visar vi att valet av mitteknik paverkar blodflddesindringarna. Icke-invasiva
mitningar med transkutan laser Doppler-teknik forefaller ge resultat som inte helt
overensstimmer med invasiva mitningar med laser Doppler och termodiffusion. I

studie III visas att intermittent och variabel undertrycksbehandling ger likartade
blodflodeseffekter i sirkanten.

Enligt resultaten fran studie IV forefaller graden av mekanisk paverkan pa sarkanten (i
form av makro- och mikrodeformation) vara densamma oavsett om skum eller gasviv
anvinds som sirfyllnadsmaterial. Sirkontraktionen kvarstir nir behandlingen
avslutats, 72 timmar efter piborjandet. I studie V visar vi att ca =75 mmHg ger
maximal sirkontraktion. En hégre undertrycksnivdi (-125 mmHg) kan vara att
foredra nir det finns stora mingder vitska som behover evakueras frin siret.

Aven om undertrycksbehandling i dess nuvarande form uppvisar goda resultat, finns
det utrymme att anpassa behandlingen si att sarlikningen forbdttras och antalet
komplikationer minskas. Med nyvunnen kunskap om hur behandlingsinstillningarna
paverkar siret och omkringliggande vivnad ges nu underlag f6r hur man kan variera
behandlingen si att varje patient erbjuds bista méjliga sarlikning. Exempelvis finns
det sannolikt inte ez optimal undertrycksniva, utan snarare ett spann mellan —25 och
—125 mmHg dir man kan uppna olika effekter i sarvivnaden. I framtiden kommer
forhoppningsvis sirfyllnadsmaterialet, undertrycksnivin och applikationssittet av
NPWT att viljas utifrn sirets art, lokalisation och sammansittning. Resultaten i
denna avhandling kommer frin djurexperimentella studier och ger en grundliggande
forstaelse for undertrycksbehandlingens biologiska effekter i saret. Ytterligare studier
behévs innan kliniska rekommendationer kan utfirdas.
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Introduction

The increasing number of chronic and complex wounds poses a growing medical
challenge with a high socioeconomic impact and a significant burden to the
individual patient. The management of chronic wounds places a considerable burden
on health services as it requires considerable manpower, frequent specialist
consultation, and adjunct therapies. Generally, figures presented on the cost of
wound care only reflect the direct medical costs, and do not include the pain,
frustration, economic loss or impaired quality of life of the patients and their families,
or the burden on the health care system or society in general. Fortunately, several
important changes in the principles of wound care have taken place in recent decades.
Based on these new insights, a wide range of wound care techniques has been
introduced. Negative pressure wound therapy (NPWT) is one of these.

Wound healing

Wound healing is a dynamic, interactive process involving soluble mediators, blood
cells, extracellular matrix components, resident cells (keratinocytes, fibroblasts,
endothelial cells, nerve cells), and infiltrating leukocyte subtypes in a complex and
highly orchestrated sequence of cellular and biochemical changes. Some wounds heal
naturally, and these are referred to as acute wounds. Although there is no consensus
on the definition of acute wounds, they are normally defined as wounds present for
only a short period of time (<4 weeks to a maximum of 6 weeks) before intervention
and healing [1]. Chronic wounds, on the other hand, are defined as those present for
more than 4 to 6 weeks prior to intervention, without any tendency to normal wound
healing. These wounds either require a long time to heal, do not heal completely, or
recur frequently [2]. Examples of common chronic wounds are pressure ulcers,
ischemic ulcers, venous leg ulcers, and diabetic foot ulcers.

Several stages are involved in the normal healing of an open wound. Firstly, either the
edges of the wound must be brought together to form a seal (“healing by primary
intention”), or granulation tissue must form before closure can take place (“healing by
secondary intention”). Secondly, the environment around the wound must be moist,
as new epidermal cells can only travel across moist surfaces. Thirdly, bacterial
infection must be prevented by maintaining aseptic conditions. Fourthly, excess fluid
should be removed from the wound site, while maintaining an appropriate level of
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moisture. Finally, the cause of the wound should be eliminated or, if this is not
possible, minimized (as may be the case with pressure ulcers in bedridden patients).

Successful wound healing has four phases that overlap in time: hemostasis (first 24
hours), inflammation (-0—48 h), tissue formation (-48 h—6 weeks), and tissue
remodeling (-3 weeks—2 years) (Figure 1) [3]. The length of these phases may vary as

a result of infection, malnutrition, or other exogenous factors.

Prolipherative phase
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Figure 1. The temporal aspects of the four phases of wound healing (hemostasis, inflammation, tissue

formation, and tissue remodeling). ECM = extracellular matrix. Adapted from [4].

The initial inflammatory responses to injury provide the necessary framework for the
production of a new functional barrier. Physiologically, the inflammatory phase
begins at the time of injury and lasts between 4 and 6 days. This phase begins with
hemostasis, involving the extravasation of leukocytes, leading to inflammation,
characterized by erythema and edema of the wound edges. Injury also disrupts the
normal skin barrier, and wound healing thus depends on the ability to clear foreign

material and resist infection.
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The proliferative phase involves elementary processes such as neovascularization, the
formation of granulation tissue and the extracellular matrix, and the creation of a
permeable barrier (reepithelialization). Fibroblasts proteolytically degrade the
provisional matrix so as to permit its replacement with an extracellular matrix
composed primarily of fibrillar collagens and proteoglycans. Fibroblast proliferation is
oxygen-dependent and the cells can only survive and perform the functions necessary
in the wound when sufficient oxygen is available [5]. The moving band of
phagocytosing macrophages typically leads the fibroblast front into the wound [6].
This phase has a rapid onset, but takes considerably longer to reach its peak, usually
2-3 weeks after the injury.

The final phase, remodeling, is an essential component of tissue repair, bringing
about changes in the composition of the extracellular matrix. This results in an
organized and functional scar that has properties similar to the parent tissue. This
phase begins about 2 to 3 weeks after the injury and can last up to 2 years.

Treatment of wounds

The aim in the treatment of any type of wound is to achieve normal and timely
healing. Fundamental management principles for optimal healing outcomes are given

in Table 1 below.
Table 1. Management principles for optimal healing outcomes. Adapted from [7].

Optimization of the patient’s health e  Nutritional support
status e  Adequate hydration
e  Glycemic control
e  Optimal control of comorbidity
e  Smoking cessation
e  Moderation of alcohol intake

Treatment of the underlying cause of *  Good blood flow and tissue perfusion
the wound *  Compression therapy for edema and venous insufficiency
in the absence of arterial disease
=  Optimization using offloading devices for the management
of:
—  Diabetic foot ulcers and pressure ulcers
—  Pressure redistribution
—  Reduction of friction/shear stress
= Surgical intervention to correct physical deformities

Optimization of the wound bed and ®*  Wound debridement
local wound environment =  Maintenance of moisture balance
*  Maintenance of normothermic wound environment
*  Treatment to reduce bacterial burden or deep infection

17



The large number of factors that may affect wound healing, such as tissue oxygen
tension, wound hydration, temperature, and mechanical stress, together with the high
degree of variation in wound characteristics and patient status may make it difficult to
evaluate the effects of treatment. In some cases, wound healing techniques are not
expected to result in complete wound closure. Rather, the treatment may be intended
to advance the wound to a stage where healing is possible.

Negative pressure wound therapy

NPWT involves the controlled application of subatmospheric pressure to the wound
bed through a wound filler (foam or gauze) placed in the wound. The wound is then
sealed with an adhesive drape that allows pressure to be applied and helps provide a
moist environment that supports wound healing. The wound filler and drape protect
the wound bed from bacteria and other contaminants, as well as other bodily fluids,
and reduce the risk of friction or shear, enhancing the body’s ability to heal [8]. The
hypobaric pressure removes exudate and promotes healing in various ways.

There are many documented cases of NPWT in wound healing throughout history. It
was first used successfully by Raffl in the early 1950s to manage exudate and
accelerate wound healing after radical mastectomies [9]. A number of NPWT systems
were then tried in the 1980s, with both USA and Russia in the forefront of the
technology. Miller ez al. [10] quote a series of articles describing the treatment of
wounds using negative pressure, the “Kremlin papers” [11], that was published in the
Russian literature in the 1980s. Negative pressure (=75 to —80 mmHg) was used in
combination with aggressive debridement to significantly reduce bacterial counts in
purulent wounds [12]. In 1989, Chariker ez al [13] discussed their experience
utilizing NPWT in patients with incisional or cutaneous fistulae complicating ventral
abdominal wounds. Moist gauze was placed over the wound surface and a flat drain
placed over the gauze and covered with an occlusive dressing. The drain was
connected to an existing vacuum line such as a standard hospital wall suction source
with continuous pressure set at approximately —60 to —80 mmHg. This method later
became known as the Chariker-Jeter technique.

In the early 1990s, the first investigative studies into NPWT using foam as a wound
contact layer were carried out by Fleischmann ez /. [14-16]. Argenta and Morykwas
also carried out work on the use of foam contact layers in both patients and animals,
and found that the use of NPWT with a pressure setting of —125 mmHg was likely to
reduce healing time, reduce local edema and manage wound exudate [17]. Their work
led to the development of the first commercialized system, the V.A.C.® Therapy
System (KCI, San Antonio, TX). Untl 2003, this was the only commercially
available NPWT system. However, the Chariker-Jeter approach resurfaced in 2003
after having remained largely unknown due to the publication of the method in a non
peer-reviewed journal, and the lack of follow-up articles by its authors. There are now
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currently two forms of NPWT systems in use in wound management, with the main
difference between them being in the type of dressing used to fill the wound (foam or
gauze).

NPWT has become an integral part of modern wound care, and is used routinely in
hospitals throughout the world. It is estimated that 300 million acute wounds are
treated globally each year [18]. NPWT has successfully been used for the treatment of
acute, chronic and complex wounds [19-25]. There is a substantial body of clinical
and economic evidence supporting the efficacy of NPWT in wound management,
including early discharge and faster healing, fewer readmissions, and better patient

quality of life [26-30].

NPWT cannot replace surgical procedures, but may allow a wound to progress to the
point at which a less invasive procedure is possible [31]. It is being increasingly
recognized that NPWT can be used to achieve a variety of treatment goals, which
vary according to the patient and the characteristics of the wound [32]. Some of the
common goals of the therapy are:

* to promote rapid reduction in wound volume,
* to promote the growth of granulation tissue and contraction of wound edges
(23],

* to manage exudate [27],

* to prepare the wound bed for transition to another treatment modality,

* o decrease the frequency of dressing change [26],

* to prevent deterioration of the wound,

* to minimize contamination and wound odor by providing a temporary barrier,

* to decrease morbidity and mortality,

* to improve quality of life, and

* to decrease the length of hospital stay.
NPWT is contraindicated when there is necrotic tissue with eschar, inadequate
debridement, or in the presence of untreated osteomyelitis or sepsis in the wound
area. It is also contraindicated in cases of untreated coagulopathy, an exposed vital
organ, or malignancy in the wound, or if the patient is allergic to any vital component

of the dressing, drape, or NPWT device.

Mechanisms of action of NPWT

The physiological, cellular and molecular mechanisms by which NPWT accelerates
wound healing are now gradually starting to be understood [33-40]. Basically,
NPWT can be regarded as a method that combines the advantages of closed- and
open-wound management [41]. Closed-wound treatment, involving approximation
of skin edges, may protect the wound from bacterial invasion, and can also be
expected to maintain moisture, pH, gaseous concentrations, and temperature at

19



optimal levels for healing. Open treatment, however, allows for the release of toxic
products, and enables regular monitoring and assessment of a complex wound.

There appears to be no single mechanism of action that can explain the beneficial
effect of NPWT on wounds. Rather, multiple mechanisms have been identified
(Figure 2), which together contribute to the observed clinical effects. Preclinical and
clinical studies have shown that NPWT provides a moist wound healing environment
[42], drains exudate [17, 43, 44], reduces tissue edema [17, 43, 45], contracts wound
edges [17, 43, 44, 46-49], mechanically stimulates the wound bed [50, 51], alters
blood flow in and around the wound edges [17, 36, 37, 52], and stimulates
angiogenesis [17, 53-56] and the formation of granulation tissue [17]. It is thus
believed that the mechanisms of action of NPWT have largely been identified.
However, little is known about the influence of different NPWT settings on these
biological effects in the wound. The work presented in this thesis deals with the
impact of NPWT and its settings on blood flow, mechanical deformation and wound
fluid removal. These areas are further discussed below.
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Figure 2. Cross-section of a peripheral wound treated with foam-based NPWT. The top image shows
the wound before application of negative pressure, while the lower image shows the wound after
application of NPWT. When applying NPWT to a wound, the wound is first debrided and then filled
with a material that will deliver negative pressure to the wound bed (in this case, foam). The wound is
sealed with an adhesive plastic drape, and a drain is connected to the vacuum pump. The pressure
applied by the vacuum pump is propagated through the wound filler to the wound bed. Some of the
biological effects of the therapy are illustrated in the lower image. There is a decrease in blood flow very
close to the wound edge (white), whereas increased blood flow is seen further away (dark red). The

wound is contracted and fluid is evacuated through the drainage tube. Illustration by Bo Veisland.
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Blood flow

NPWT is known to affect periwound blood flow. Morykwas ez al. [17] were the first
to investigate changes in blood flow due to NPWT. In their rather limited study,
blood flow was measured with laser Doppler flowmetry in a porcine wound model,
and it was shown that the periwound blood flow increased upon the application of
NPWT, peaking at a pressure of =125 mmHg [17]. This paper led to —~125 mmHg
being adopted as the universally recommended pressure in the clinical setting.
However, as clinical experience with NPWT grew bigger, the use of —125 mmHg was
questioned as it seemed to cause patient pain and wound ischemia [57, 58].

Morykwas ez al. investigated the effects of both continuous and intermittent therapy
[17]. After five to seven minutes of continuous therapy, blood flow declined and
“eventually reached baseline”. During intermittent therapy, when the suction was
turned on and off repeatedly, the increase in peak blood flow declined when the “off”
interval was shorter than two minutes, whereas longer intervals had no effect on peak
blood flow. Consequently, a 5-minute-on/2-minute-off cycle was considered optimal
and was advocated for intermittent NPWT.

Many researchers have investigated the effects of NPWT on local blood flow, and
both increases [36, 37, 56, 59] and decreases [36, 37, 52] have been reported. It is
evident that although several studies have been performed on the changes in local
blood flow due to NPWT, the results are not consistent, and it has therefore been
recommended that further studies should be undertaken [33]. In the work described
in this thesis, studies were, therefore, carried out to investigate the effects of NPWT
on periwound blood flow in a peripheral porcine wound model, using both
transcutaneous and invasive laser Doppler flowmetry, and thermodiffusion (Studies I,

I1, and III).

Wound contraction

One of the fundamental effects of NPWT is believed to be the macrodeformation of
the wound edge tissue as the wound contracts [33]. This mechanical effect is thought
to result in shearing forces at the wound—dressing interface, that affect the
cytoskeleton [51], initiating a signaling cascade that ultimately leads to granulation
tissue formation and wound healing.

The type of wound filler used for NPWT affects the degree of wound contraction.
Foam results in greater wound contraction than gauze [60], probably because foam
has a more open cell structure, while gauze is a woven, denser material. It has been
shown previously that patients undergoing NPWT with foam are -2.5 times more
likely to show a reduction in wound area after one week of therapy than patients
undergoing standard moist wound therapy [61]. Wound volume reduction, which
may reach a weekly rate of 23% of the total wound volume [62], is achieved by a
combination of increased granulation tissue formation and wound contraction. The
mechanical effects of NPWT may be important for the entire wound-healing process,
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as early changes in the size of a wound have been shown to correlate with final wound

healing [61].

The effect of the wound filler (foam or gauze) on wound macrodeformation was
examined in Study IV. In Study V, the impact of the negative pressure level on
macrodeformation was studied.

Microdeformation

In terms of NPWT, microdeformation (also known as microstrain) refers to the
transfer of an imprint of the surface topography of the compressed wound filler onto
the tissue surface. These imprints can easily be observed as undulations on the surface
of tissue that has been exposed to NPWT when viewed through a microscope [63].
When using foam, it is believed that the tissue beneath the foam is drawn up into the
pores, while the walls of the foam pores leave an imprint on the tissue, thereby
creating strain on the cells [51, 54, 64-606]. It has been shown that the pore size of
foam affects the degree of wound bed deformation [67].

Finite element modeling of NPWT has demonstrated that most of the stretched
elements show deformations of 5 to 20% [51]. This level of strain is similar to the i»
vitro levels of strain shown to promote cellular proliferation [68, 69]. Importantly, the
deformation predicted by the model was similar in morphology to the surface
undulations observed in histological cross-sections of the wounds. The authors
hypothesized that this deformation stretched individual cells, thereby promoting
proliferation in the wound microenvironment.

The wound interface may consist of either the wound filler (foam or gauze) or a low-
adherent wound contact layer that is placed underneath the wound filler to cover the
wound bed. The tissue surface is affected by the structure of the wound interface, as it
will trigger the cells to divide, and to rebuild and strengthen the tissue. It has been
shown that only areas of the wound bed that are covered with the wound filler (foam
or gauze) show evidence of microdeformation, whereas a smooth wound bed surface
is seen under a wound contact layer [70]. Scherer e7 al. investigated the interaction of
the dressing itself with the underlying tissue, the effect of the hypobaric pressure on
tissue, the fact that the wound is sealed by a semipermeable dressing, and a
combination of these in a murine model [71]. It was demonstrated that foam (with or
without negative pressure) was essential for angiogenesis, whereas both foam and
negative pressure were needed for cell proliferation.

The mechanical forces exerted by NPWT (both macro- and microdeformation)
deform the extracellular matrix in cells, and in doing so, capitalize on the tension
stress effect. Cells require tension to divide and proliferate [68, 72], and cells that are
not stretched have been known to undergo apoptosis [68, 69, 73]. The cytoskeleton
maintains cell structure, and regulates cell response to extracellular forces. When cells
are subjected to external forces, integrins mediate the force across cell membranes,
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and an activated local intracellular transduction response leads to focal adhesion
assembly, cytoskeletal strengthening, chemical signaling cascades, and gene
transcription. Mechanical tissue deformation induces the expression of angiogenic
growth factors and receptors such as vascular endothelial growth factor (VEGEF),
VEGEF receptors and angiopoietin system receptors [54, 65, 74-79]. The stretching of
endothelial cells in vitro leads to increased vessel formation [80, 81]. Deformation
also induces the production of extracellular matrix components (proteoglycans,
glycosaminoglycans, collagen and elastin) [65, 79, 82] and the down- and up-
regulation of numerous biochemical markers and signaling factors [65, 83, 84]. In
Study IV, the microdeformational properties of foam and gauze were compared.

Wound fluid removal

Moisture balance is essential in all phases of wound healing [85-87]. A moist wound
environment accelerates the reepithelialization process, facilitates the action of growth
factors, increases keratinocyte and fibroblast proliferation, enhances collagen
synthesis, and promotes angiogenesis and early wound contraction [88-98]. While too
little moisture can cause cell death, too much can promote maceration and damage to
the wound edges and periwound skin. The challenge is to strike a balance to avoid
extremes that can delay healing. Exudate removal is one of the mechanisms thought
to promote wound healing during NPWT [17, 43, 44]. The exudate in a chronic
wound may impair wound healing as the fluid contains elevated levels of
inflammatory cytokines and proteolytic enzymes (as well as low amounts of growth-
promoting cytokines) [99]. When wounds are slow to heal and become chronic, the
composition of wound exudate is dominated by high levels of oxidative enzymes,
cytokines, leukocytes, and proteases (e.g., matrix metalloproteinases [MMPs]), all of
which impede healing [100-102]. NPWT affords continuous removal of wound fluid,
which may reduce inhibitory factors [84]. In a recent study of eight adults receiving
NPWT for pressure ulcers, it was shown that the levels of tumor necrosis factor-alpha
in the wound fluid decreased significantly during the first 24 hours of treatment, and
this decrease was sustained on day 7 [103]. Removing wound exudate by NPWT thus
has a positive influence on the healing process. In Study V, the impact of the negative
pressure level on fluid removal from the wound cavity was examined.

Therapy settings

NPWT can be tailored to a specific wound by means of the negative pressure level,
the choice of wound filler, and the way in which the pressure is applied. When the
present research started, little was known about the effect of NPWT settings on
wound blood flow, wound contraction or fluid removal, and there were conflicting
findings regarding pressure level [10, 104, 105], the effects on tissue compression

[106-108], and changes in tissue blood flow [17, 35-37, 53, 56, 59, 104, 109-111].
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Negative pressure level

A landmark study by Morykwas ez al. [17], published in 1997, has, until now, been
the basis for the way in which many clinicians apply NPWT. It was, for example,
found in this study that —125 mmHg was the optimal pressure regarding local blood
flow effects. Most NPWT devices are capable of delivering pressure levels ranging
from —40 to —150 mmHg [112]. Thus, there is ample opportunity to use other
pressure levels, although this is seldom done. Almost thirty years ago, Russian
researchers published results indicating that the most effective level of negative
pressure was —75 to —80 mmHg [12]. Today, many of the gauze-based NPWT device
manufacturers recommend pressure settings of —60 to —80 mmHg. Little is known
about the impact of different levels of negative pressure on the periwound blood flow
and the degree of wound contraction. The effects of different levels of negative
pressure on periwound blood flow, wound contraction and fluid evacuation were
investigated in Study I and Study V, respectively.

Wound filler
The material used to fill the wound is called the wound filler. The properties of the

filler in contact with the wound bed determine some of the effects of NPWT on the
wound bed. The most common wound fillers used are polyurethane foam (average
pore size 400 to 600 um) [113] and gauze [112]. The porous structure of foam allows
the exudate to be removed from the wound, while the more absorbent nature of gauze
leads to more fluid being retained in the wound. Several groups maintain that the use
of gauze is less painful to the patient than foam-based NPWT, and that the risk of
bleeding and tissue damage is reduced [114-116]. Gauze is impregnated with
polyhexamethylene biguanide, an antimicrobial agent. Until recently, polyurethane
foam intended for use in NPWT did not have antimicrobial properties, but some
foam has now been modified to contain micro-bonded metallic silver. The macro-
and microdeformational effects of NPWT using foam and gauze on the wound were
compared in Study IV.

Continuous, intermittent and variable negative pressure

In NPWT, the negative pressure is most commonly applied in the “continuous
mode”, i.e., the pressure is constant. However, the negative pressure can be repeatedly
switched on and off, alternating between atmospheric and subatmospheric pressure;
this is called “intermittent pressure” therapy. Treatment is usually applied in 5-
minute-on/2-minute-off cycles, based on a study by Morykwas ez al. [17]. It has been
shown that the amount of granulation tissue formed in the wound bed is greater
during intermittent NPWT [17, 117] compared to continuous therapy. This may be
the result of both mechanical stimulation of the wound bed [117] and altered blood
flow, which may enhance tissue oxygenation and angiogenesis.

Intermittent pressure therapy entails sudden changes in pressure that cause the foam
to expand and contract over the granulation tissue, which may lead to pain. “Variable
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pressure” therapy has, therefore, been introduced, providing smoother variations
between the two different levels of negative pressure, thereby maintaining a negative
pressure throughout the treatment [118]. It is not known if these two NPWT settings
have the same effects on the wound. The impact of the NPWT application mode on
periwound blood flow was investigated in Study III. Figure 3 (below) illustrates the
various modes of pressure application.
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Figure 3. The three different modes of NPWT application: continuous, intermittent, and variable
therapy.
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Aims

The general aim of the work presented in this thesis was to study the biological effects
of NPWT when using different levels of negative pressure, different wound filling
materials (foam or gauze) and different ways of applying the negative pressure
(continuously, intermittently or variably). The intention was to provide a scientific
basis for the choice of NPWT parameters for the treatment of wounds.

The specific aims were:

- to examine the effects of NPWT on periwound blood flow using different levels of
negative pressure and mode of pressure application (continuous, intermittent or
variable NPWT),

- to examine the impact of different measurement techniques, including
transcutaneous laser Doppler flowmetry, invasive laser Doppler flowmetry, and
thermodiffusion, on periwound blood flow during NPWT,

- to examine the mechanical effects, including micro- and macrodeformation, of
NPWT using different types of wound fillers (foam or gauze) and a wide range of
negative pressure levels, and

- to examine fluid removal from the wound cavity when using different levels of
negative pressure.
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Methods

from the wound cavity

fluid removal

Continuous gauze-based

NPWT

Study Purpose Methods n
I To measure the effect of the negative pressure Invasive LDF 8
l:,el on ljot()id flow at 0.5, 2.5, and 5 cm from Continuous gauze-based pigs*
the wound edge NPWT
II To examine the impact of NPWT on blood flow  Transcutaneous LDF, invasive 8 pigs
at 0.5, 1, and 2.5 cm from the wound edge LDF, and thermodiffusion
using different measurement techniques Continuous foam-based NPWT
111 To examine the periwound blood flow changes Invasive LDF 8
during i i d variable NPWT igs*
uring tntermittent and variable Intermittent and variable gauze- pigs
based NPWT
v To examine the mechanical effects, including Histological analysis + wound 8 pigs
micro- and macrodeformation, of NPWT using ~ diameter measurements
different types of wound fillers (foam or gauze) Continuous foam- and gauze-
based NPWT
\% To determine the effect of the negative pressure Wound diameter measurements 16
level on wound contraction and fluid removal + gravimetrical measurement of ~ pigs*

Overview of Studies I-V with regards to the purposes and the methods used. LDF = laser Doppler

flowmetry, NPWT = negative pressure wound therapy. * The same eight pigs were used for Studies I, I1I

and V.
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Animal preparation and surgical procedure

A peripheral wound model in pigs was used in the experiments. Pigs were chosen for
these studies as their cutaneous anatomy is similar to that of humans. Indeed, wound
healing models in pigs have previously shown a striking 78% concordance with
human studies [119]. The advantage of an acute wound model in animals is that the
size, duration, location, and etiology can be standardized, and the conditions can be
carefully controlled, in contrast to chronic wounds. However, animal subjects are
likely to be younger and healthier than humans with wounds, they will not suffer
from co-morbidity, and will not be exposed to other medical interventions during the
course of the study.

Circular wounds (5 cm in diameter) extending through both subcutaneous and
muscle tissue (2 cm deep) were created on the pigs’ backs. The animals were
anesthetized for the entire duration of the experiments. Detailed descriptions of the
anesthesia can be found in the respective papers. The wounds were treated with
NPWT. Saline-soaked AMD gauze (Studies I, III, IV and V) or polyurethane foam
(Studies II and IV) were used as wound fillers. A drainage tube was inserted into the
wound filler. The open wound was then sealed with a transparent adhesive drape.
The drainage tubes were connected to a vacuum source, which could be set to deliver
a freely adjustable negative pressure.

The studies were approved by the Ethics Committee for Animal Research at Lund
University, Sweden.

Microvascular blood flow measurements

Studies I, II, and III were performed to investigate the effects of NPWT on blood
flow in and around the wound edge.

Study I was performed to examine the effects of gauze-based NPWT on periwound
blood flow when using levels of negative pressure ranging from —10 to —175 mmHg.
Invasive laser Doppler flowmetry was used at lateral distances of 0.5, 2.5, and 5 cm
from the wound edge since it is known from previous studies performed by our group
that the major changes in blood flow during NPWT occur close to the wound edge
(i.e., within a few centimeters) [36, 37]. Probes were placed both subcutaneously and
in muscle tissue since we hypothesized that the tissue density would affect the blood
flow (Figure 4).

Study IT was designed to investigate the effects of foam-based NPWT on periwound
blood flow using transcutaneous laser Doppler flowmetry, invasive laser Doppler
flowmetry, and thermodiffusion. Probes were placed 0.5, 1 and 2.5 cm laterally from
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the wound edge. Blood flow was recorded before and after NPWT was applied at
different levels of negative pressure (-20, —40, —80 and —125 mmHg).

Study III aimed to examine the effects of intermittent and variable NPWT on
periwound blood flow. Invasive laser Doppler flowmetry was used for blood flow
measurements. The pressure levels used were —10 mmHg (minimal blood effects),
—45 mmHg (half maximal blood flow effects), =75 mmHg (~maximal blood flow
effects), and —125 mmHg (the previously recommended pressure level), and blood
flow measurements were made 0.5 and 2.5 cm from the wound edge.

Invasive laser Doppler flowmetry

Laser Doppler flowmetry is a technique used to quantify the motion of red blood cells
in a specific volume, and it has been applied extensively for the measurement of blood
flow in flaps during plastic surgery procedures [120]. A fiberoptic probe carries a
beam of laser light. Light reflected from moving blood cells undergoes a change in
wavelength (Doppler shift), while light reflected from static objects is unchanged. The
magnitude and frequency distribution of these changes in wavelength are directly
related to the number and velocity of the blood cells. The information is collected by
a returning fiber, converted into an electronic signal and analyzed. The principle is
illustrated in Figure 4. In the current experiments, a system consisting of several
parallel probes (PeriFlux System 5000, with 418-1 Probes, Perimed, Stockholm,
Sweden; Figure 5) was used for measurements of the microvascular blood flow at and
around the edge of the wound. The laser Doppler signal was monitored continuously
on a computer screen (Figure 6).
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Figure 4. Illustration of the principle of laser Doppler flowmetry. When the tissue is illuminated by a
laser source (transmitter), 93-97% of the light is either absorbed by various structures or undergoes
scattering. The remaining 3-7% is reflected by moving red blood cells and returns to the second optical
fiber (receiver). Microvascular blood flow is defined as the product of mean red blood cell (RBC) velocity

and mean RBC concentration in the volume of tissue illuminated by the probe. (Adapted from [121].)

Laser Doppler probes

Subcutaneous tissue

Wound

Muscle tissue

0.5 cm 2.5cm 5 cm

Figure 5. Illustration of the laser Doppler probe placement in Study I. Probes were placed in
subcutaneous and muscle tissue at three different distances from the wound edge (0.5, 2.5, and 5 cm).
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Figure 6. Periwound blood flow measurements using a multichannel PeriFlux System 5000 and
fiberoptic probes. The signal is monitored in real time on the computer screen.

Transcutaneous laser Doppler flowmetry

Study II was performed using transcutaneous laser Doppler flowmetry. The
equipment used (O2C unit, LEA Medizintechnik, Giessen, Germany) transmits both
continuous laser light and white light into the tissue, where it is scattered and
collected at the skin surface. The collected light is split into its spectral components
by a charge-coupled device, and is then converted into an electrical signal. The laser
Doppler shift is detected, and the product of moving RBCs and the velocity of each
RBC is used to calculate the relative blood flow. White light is used for the detection
of oxygen saturation and the relative amount of hemoglobin. Blood flow and the
relative amount of hemoglobin are obtained in terms of arbitrary units, whereas
oxygen saturation is expressed in percent.
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Flat measurement probes (LF-2, LEA Medizintechnik, Giessen, Germany) were
placed on the skin surface and held in place by a transparent adhesive film (Figure 7).
In the present studies, only the laser Doppler measurements were used.
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Figure 7. Foam-based NPWT with the transcutaneous laser Doppler probe placed on the skin (arrow).

Thermodiffusion

In Study II, blood flow was measured at the wound edge using the Bowman
Perfusion Monitor (Hemedex, Cambridge, MA, USA), which is based on the
principle of thermodiffusion. A thermal transducer (Figure 8) is mounted at the tip of
the flexible 19G QFlow 500 Thermal Diffusion Probe. The transducer is heated to a
temperature 2 °C above that of the surrounding tissue. The power dissipated in the
thermistor provides a measure of the ability of the tissue to remove the heat by both
thermal conduction within the tissue and by thermal convection due to tissue blood
flow. A passive, proximal thermistor is used to monitor, and compensate for,
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temporal changes in baseline tissue temperature. Perfusion is expressed as ml/100 mg
tissue/min in a small focal volume of tissue surrounding the distal tip of the probe.

5 mm

Passive thermistor

g

<+— Measurement field, ~4 mm —

Temperature

Figure 8. Schematic of the thermal diffusion probe showing the active, heated thermistor at the probe
tip, which produces a thermal measurement field in the surrounding tissue. The size of the thermal
measurement field is dependent on the thermal properties of the tissue and the blood flow; high blood
flow produces a smaller thermal field. The diameter of the field is approximately 4 mm for typical values
of thermal properties and blood flow. The passive thermistor, mounted 5 mm proximal to the probe tip,
monitors the variations in baseline tissue temperature.

Histology

In Study IV, a histological examination of the wound bed tissue was performed. A
piece of the wound filling material (foam or gauze) was sutured to the bottom of each
wound. NPWT at —75 or —125 mmHg was applied continuously for 72 hours. After
discontinuation of NPWT, the strip of wound filler and the underlying wound bed
tissue were cut loose and prepared for histological examination. The specimens were
separately stained with both giemsa and hematoxylin-eosin, and analyzed with regard
to wound bed surface undulations and the microdeformational effects of NPWT.

Wound contraction

In Studies IV and V, wound contraction resulting from NPWT was investigated.
Measurements of the size of the wound were made using a slide caliper. In Study 1V,
four marks were made around the edge of the wound and in Study V, six marks were
made around the edge of the wound (Figure 9). The diameters of the wound were
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measured before and after the application of negative pressure (=75 or —125 mmHg
in Study IV, and —10 to —175 mmHg in Study V), and the mean change in diameter
was calculated.

Figure 9. Illustration of how the measurement of the wound diameter was performed in Study V. Every
diameter was recorded before (left) and after (right) application of NPWT, and the average change was
then used for the statistical analysis.

Statistical analysis

In Studies I-1V, statistical analysis was performed using the Mann—Whitney test
when comparing two groups, and the Kruskal-Wallis test with Dunn’s test for
multiple comparisons when comparing three groups or more. In Study V, statistical
analysis was performed using the Wilcoxon matched-pairs signed rank test.
Significance was defined as p<0.05. Non-parametric tests were used for statistical
testing as the studies were based on a small number of observations. Mean values and
the standard error of the mean were used to describe the data in the articles. However,
it would have been better to present this non-normally distributed data as median
values and percentiles, or in scatter plots. Thus, the data is presented in scatter plots
with median values in the thesis. This does not affect the conclusions of the thesis.
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Results and Discussion

The effects of NPW'T on blood flow

Level ofnegativepre:sure

The results of Study I showed that the microvascular blood flow at the wound edge
changes gradually with increasing level of negative pressure, and then reaches a
plateau at higher levels of negative pressure. The greatest increase in blood flow was
seen at about —80 mmHg, while half this effect was seen at approximately —45
mmHg. Levels of negative pressure greater than —-80 mmHg (e.g., —125 mmHg) did
not further increase the blood flow. Closer to the wound edge, the decrease in blood
flow was most pronounced near -90 mmHg, whereas half this effect was achieved at
about —30 mmHg.

The most commonly used pressure level in treating humans, —125 mmHg, is based
on a limited study on pigs carried out in 1997 [17]. However, the current results
showed that maximal blood flow effects were obtained at about —80 mmHg. The
level of negative pressure can, thus, be tailored to balance the local blood flow effects.
When using NPWT for the treatment of poorly perfused tissue (e.g., diabetic foot
ulcers and thin skin transplants), ischemia can develop at the wound edges. There is
also a risk that the patient will find the treatment painful [57]. In such cases, it may
be advantageous to reduce the negative pressure to, e.g., 40 mmHg, which is the
level at which about half the maximal blood flow effect was seen. Indeed, clinical
studies have confirmed that negative pressure levels of less than —125 mmHg may
result in excellent wound healing [57]. Further clinical studies are needed to
corroborate the findings before recommendations can be made.

Increase in blood flow 2.5 cm from the wound edge

In Studies I, II, and III, an increase in blood flow was seen at a distance of 2.5 cm
from the wound edge upon the application of NPWT (Figure 10). The mechanism
causing this is not clear. Kairinos er a/. showed that the pressure in the tissue at
distances greater than 2 c¢m from the wound edge was the same as atmospheric
pressure [122]; thus, altered pressure on the tissue does not seem to explain the
present findings. One plausible explanation could be the mechanical effects that cause
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wound contraction, as shown in a previous study by our group [50] and in Studies IV
and V. When applied to a wound cavity, as in the present study, NPWT will create a
pulling force on the tissue that may open up vascular beds, increasing blood flow.
Indeed, previous experimental studies have shown that small arterioles and capillaries
in the tissue around the wound edge open upon the application of negative pressure
[53, 123]. It is believed that the NPWT-associated increase in periwound blood flow
is important for oxygenation, nutrient supply and the removal of waste products from
the healing wound [124]. Also, increased blood flow may facilitate the penetration of
antibiotics to otherwise poorly perfused tissue.
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Figure 10. Blood flow changes in the periwound tissue (both subcutaneous and muscle tissue) 2.5 cm
from the wound edge upon application of NPWT (Study I, » = 8). Measurements were made with
invasive laser Doppler flowmetry. The red line denotes the median value.

Decrease in blood flow 0.5 cm from the wound edge

Measurements using invasive laser Doppler flowmetry showed that the application of
NPWT causes a decrease in blood flow 0.5 cm from the wound edge (Studies I, II
and III) (Figure 11). The mechanism by which NPWT decreases blood flow in
superficial tissue may have been identified in recent work [122, 125]. When the
wound contracts, the tissue at the wound edge collapses towards the suction force,
and the pressure around the rim of the wound edge increases [122], leading to a
decrease in blood flow. It was shown by Kairinos ez al. [122] that increasing the
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suction pressure in NPWT leads to gradually increasing tissue pressure, which
explains the present finding that blood flow changes gradually with increasing
negative pressure.

There are both advantages and disadvantages of the hypoperfusion caused by NPWT.
It is well known that reduced blood flow stimulates angiogenesis and granulation
tissue formation, which in turn facilitate the process of wound healing [43, 110].
However, several clinical problems are associated with the hypoperfusion caused by
NPWT. In tissues with already impaired blood flow, e.g., thin tissue grafts and
diabetic foot ulcers, the decrease in blood flow may result in ischemia, and it has been
suggested that NPWT should be applied with great caution to tissues with
compromised vascularity [52]. Some advocate that NPWT is contraindicated if there
is any doubt about the vascularity of the tissue [126, 127]. The choice of negative
pressure level must, therefore, be based on the type of wound and its vascularity.
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Figure 11. Blood flow changes in the periwound tissue (both subcutaneous and muscle tissue) 0.5 cm
from the wound edge immediately after application of NPWT (Study I, # = 18). Measurements were
made with invasive laser Doppler flowmetry. The red line denotes the median value.

Effects on blood flow 1 cm from the wound edge — the transition zone

The effect on blood flow 1 cm from the wound edge was investigated in Study II.
Low pressure levels led to increased blood flow, while high levels of negative pressure
resulted in decreased blood flow. This indicates that there may be a transition zone
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between the hypoperfused tissue closer to the wound and the hyperperfused tissue
further from the wound. Thus, the blood flow response when NPWT is applied

depends on the level of negative pressure, as shown in Figures 12 and 13 below.
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Figure 12. Blood flow changes in muscle tissue 1 cm from the wound edge immediately after
application of NPWT (Study II, #» = 6). Measurements were made with invasive laser Doppler

flowmetry. The red line denotes the median value.
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Figure 13. Illustration of the observed periwound blood flow changes in a cross-section of a peripheral
wound. Close to the wound there is a decrease in blood flow, whereas blood flow increases further away.
At a distance of 1 ¢cm from the wound there seems to be a transition zone between hypo- and

hyperperfused tissue.
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Comparison of wound edge blood flow changes using transcutaneous laser
Doppler flowmetry, invasive laser Doppler flowmetry, and thermodiffusion

Several studies have been performed on NPWT-induced changes in local blood flow.
The results are not consistent, and both increases [36, 37, 56, 59] and decreases [36,
37, 52] have been reported and it has therefore been recommended that further
studies should be undertaken [33]. In the work described in this thesis, studies were,
therefore, carried out to investigate the effects of NPWT on periwound blood flow in
a peripheral porcine wound model, using a number of techniques in parallel.

The results of blood flow measurements 0.5, 1 and 2.5 cm from the wound edge,
using three different techniques (transcutaneous and invasive laser Doppler
flowmetry, and thermodiffusion) at negative pressures of —20, —40, —80, and —125
mmHg (Study II) indicated that the results were partly dependent on the
measurement technique used. Thermodiffusion (an invasive measurement technique)
generally showed a decrease in blood flow close to the wound edge (0.5 cm), and an
increase 2.5 cm from the wound edge. Invasive laser Doppler flowmetry showed a
similar response pattern, with a decrease in blood flow 0.5 cm from the wound edge
and an increase further away. A different response pattern was seen with
transcutaneous laser Doppler flowmetry, showing an increase in blood flow regardless
of the distance from the wound edge.

The reason for the disparity between invasive and transcutaneous laser Doppler
measurements may be that these techniques measure blood flow in different types of
tissue (i.e., the dermis in the case of the transcutaneous technique, and muscle tissue
in the case of the invasive technique). The effect of NPWT on the blood flow in
tissue close to the wound edge may therefore be the result of tissue compression,
resulting in an increase in tissue pressure [122]. Dense tissue such as pig skin may
resist compression, and no decrease in blood flow may be seen there, while muscle
tissue is less dense and will be compressed to a greater extent, resulting in decreased
blood flow during NPWT. Another explanation of the differences between the
subcutaneous and transcutaneous measurements may be that, for the transcutaneous
technique, the laser light must travel through the superficial skin layers before
reaching the microcirculation, while probes inserted into the tissue will be in direct
contact with the microvasculature of the tissue. The invasive techniques used entail
the insertion of a space-occupying object into the tissue, thereby generating an
increase in tissue pressure around the probe. It is of outermost importance that blood
flow measurements using invasive techniques are performed using a probe that is as
thin as possible. To summarize, it is impossible to judge which of these techniques
that most accurately reflects the real situation. Transcutaneous measurement has been
the method of choice in clinical practice due to the non-invasiveness of the technique,
but the results should be interpreted with caution.

41



Limitations of the blood flow measurement techniques

Laser Doppler flowmetry is based on the fact that light impinging on moving objects
undergoes a change in wavelength (Doppler shift), while light hitting static objects is
unchanged. Thus, if the tissue under investigation moves, a much higher signal will
be obtained than that caused by blood flow itself. This means that artifacts will be
introduced by movement resulting from, e.g., breathing and NPWT-induced wound
contraction, and care must be taken to eliminate all sources of motion. As the laser
Doppler signal was continuously monitored on a computer screen, obviously
erroneous signals could be seen immediately.

A limitation of the thermodiffusion method stems from the assumption that the
tissue is a continuum of blood vessels with a uniform distribution of blood flow in the
tissue within a few millimeters of the probe tip. This assumption is valid when all the
vessels within the field of measurement of the sensor have a smaller diameter than the
diameter of the sensor. However, an individual vessel can affect the measurements if it
is large enough and close enough to the sensor. These vessels are called thermally
significant. Fortunately, when such a vessel is present, its existence is evident from the
data and the probe can cither be repositioned or the data discarded.

Effects of intermittent and variable NPWT on blood flow

The aim of Study III was to examine the effects of intermittent and variable negative
pressure on blood flow. The pressure settings used in Study III were based on the
results obtained in Study I, where maximal effect on blood flow was seen at —80
mmHg. A low negative pressure, e.g., —10 mmHg, had only minimal effects on blood
flow, whereas —45 mmHg resulted in approximately half the maximal effect on blood
flow. The clinical golden standard has been —125 mmHg, but =75 mmHg has almost
the same effects on blood flow (Study I). In Study III, intermittent therapy was
administered by alternating the pressure from 0 to —75 and from 0 to —125 mmHg,
while variable therapy was administered by alternating the pressure between —10 and
—75 and between —10 and —125 mmHg, and between —45 and —75 and —45 and
—125 mmHg. Each cycle comprised five minutes of high pressure and two minutes of
low pressure. Blood flow in subcutaneous and muscle tissue was measured 0.5 and 2.5
cm from the wound edge using laser Doppler flowmetry.

The results of Study III show repeated changes in blood flow as the negative pressure
is alternated. A greater difference between the pressures (e.g., from —10 to —75
mmHg) results in greater changes in blood flow than smaller pressure changes (e.g.,
from —45 to —75 mmHg). The combination of increased and decreased blood flow
may be beneficial since an increase is known to facilitate oxygenation and nutrient
supply, while decreased blood flow stimulates angiogenesis and granulation tissue
formation. Alternating the negative pressure may be especially beneficial when
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treating poorly vascularized tissue. In cases where intermittent therapy causes patient
discomfort due to pain, variable therapy may be a viable option.

Interestingly, no differences were seen in blood flow patterns between intermittent
and variable NPWT with the high pressure settings at =75 and —125 mmHg. This
may be explained by a peak blood flow effect already at =75 mmHg, and thus further
elevation of the negative pressure would not cause additional effects on blood flow, as
was found in Study I. Furthermore, there is no apparent difference in the effect on
blood flow when variable NPWT with a lower setting of —10 mmHg is compared to
intermittent NPWT (i.e., a lower setting of 0 mmHg). This might be explained by
the fact that —10 mmHg has only a minimal effect on blood flow (see Study I).

Alternating effects on periwound blood flow can thus be obtained by varying the level
of negative pressure during NPWT, as in variable and intermittent therapy. Close to
the wound edge, the blood flow decreases when NPWT is switched to the higher
pressure setting (e.g., —75 or —125 mmHg) and returns to baseline when NPWT is
switched to the lower pressure setting, e.g., 0 or —10 mmHg. Further from the
wound, the effects will be the opposite; blood flow increases when a high negative
pressure is applied and returns to baseline when switched to the lower pressure setting
(0 or -10 mmHg). Indeed, Morykwas and coworkers showed that intermittent
NPWT resulted in a 103% increase in new granulation tissue formation compared to
a more modest 63% increase during continuous NPWT [17]. Venturi ez al. suggested
that intermittent negative pressure was more effective than continuous negative
pressure in stimulating wound healing because intermittent pressure causes greater
cell deformation [126].

Mechanical effects of NPWT

One of the fundamental effects of NPWT is widely believed to be the deformation of
the wound edge tissue. These mechanical effects affect the cytoskeleton [51],
initiating a signaling cascade that ultimately leads to granulation tissue formation and
wound healing. The level of negative pressure necessary to optimize the mechanical
effects of NPWT is not known, and the use of a standard suction pressure of —125
mmHg on all wounds has been questioned [128]. Neither are the effects of different
wound filler materials known. Too high a degree of contraction may have clinical
disadvantages, e.g., patients may experience pain during the treatment [56, 129] and
there is also the risk of ischemia in wounds with compromised vascularity [52].
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Macrodeformation

In Studies IV and V, the effects of NPWT on macrodeformation were studied with
regard to the type of wound filler (foam or gauze) and negative pressure level. The
reduction in wound surface diameter was measured using a slide caliper. The long-
term effects of NPWT were investigated in Study IV. NPWT was applied
continuously for 72 hours at 0, —=75 and —125 mmHg, using either foam or gauze as
wound filler. In Study V, the immediate effects of different levels of negative pressure
(10 to —=175 mmHg) on wound contraction were investigated.

Type of wound filler

In study IV, it was found that both foam and gauze resulted in a similar degree of
wound contraction for the entire duration of the therapy (72 h; Figure 14). This
augments the results from other studies, where the immediate effects of NPWT on
wound contraction were similar regardless of whether foam or gauze was used [50,
130]. Others have reported that wound contraction is greater with foam-based
NPWT compared to when using gauze [53, 131, 132]. It has been shown that in
large wounds, where the difference in wound contraction between different wound
fillers is more apparent, foam results in greater wound contraction than gauze [133].
This is probably due to foam having an open cell structure, being less dense than
gauze, thereby allowing greater compression and volume reduction.
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Figure 14. The effect of the choice of wound filler on wound contraction after 72 hours of continuous
NPWT (7 = 8). The red line denotes the median value.
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Level of negative pressure

Results from Study V show that the degree of wound contraction increases gradually
with increasing negative pressure and then stabilizes around —75 mmHg (Figure 15).
Furthermore, the mechanical effects of NPWT at =75 mmHg are similar to those at
—-125 mmHg, which is in accordance with Study IV where the degree of
macrodeformation was the same at —75 and —125 mmHg. A negative pressure of
approximately —25 mmHg causes half maximum wound contraction. The finding
that NPWT causes a reduction in wound surface diameter is supported by previous
work [53, 132, 134, 135]. Isago et al. demonstrated that maximum wound area
reduction was seen already at —50 mmHg [135], thus corroborating the present
findings. It has been demonstrated that a reduction in the surface area of the wound
after one week of NPWT predicts complete wound healing, and patients treated with
NPWT are -2.5 times more likely to show a significant wound area reduction one
week after initiation of therapy than patients receiving standard moist wound therapy

[61].
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Figure 15. The immediate effect of the negative pressure level on the change in wound diameter, i.e.,
wound contraction (z = 6). The red line denotes the median value.

45



Microdeformation

In Study IV, the effects of the type of wound filler (foam or gauze) and the negative
pressure level on NPWT-induced microdeformation were examined by histological
analysis of the wound bed tissue. Microdeformation of the wound bed has previously
been reported when using foam-based NPW [51]. The results of Study IV show, for
the first time, that gauze-based NPWT also results in microdeformation of the wound
bed. Furthermore, the microdeformation induced by NPWT is similar for foam and
gauze. In a study by Wilkes ez 4/., using a computerized model, it was predicted that a
polyurethane foam dressing would produce higher levels of tissue microdeformation
than gauze at commonly used levels of negative pressure [64]. One reason for the
discrepancy in results may stem from the difference between the iz vivo situation and
computer modeling.

The histological analysis of the wound bed clearly showed that, for foam, the edges of
the foam pores compressed the tissue, and small tissue blebs had been drawn into the
pores (Figure 16, left). A similar pattern of surface undulations was seen with gauze
(Figure 16, right). In this case, tissue blebs had been drawn into the spaces between
the threads of the gauze.

Figure 16. Giemsa-stained sections of the wound bed after 72 hours of continuous NPWT at -75
mmHg. Microdeformation of the wound bed is apparent both when using foam (left) and gauze (right).

The arrows show the tissue imprints induced by the wound filler.
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Saxena er al. suggested that the application of micromechanical forces to the wound
edge may be the most significant mechanism of action of NPWT [51]. Significant
microdeformation of the wound bed has been reported in wounds treated with
NPWT using foam, showing protrusions and indentations corresponding to the
structure of the foam, while tissue covered only with an occlusive dressing, and no
foam, showed no undulations [51]. It has been calculated that most tissue elements
are stretched by five to twenty percent by NPWT, which is similar to in vizro strain
levels shown to promote cellular proliferation [51].

Micromechanical forces and cell deformation have been shown to cause a wide variety
of molecular responses, including changes in ion concentration and permeability of
membrane jon channels, release of secondary messengers, stimulation of molecular
pathways, and alterations in gene expression resulting in cell proliferation and division
[136]. It has been shown that cells made to stretch can divide and proliferate in
response to soluble growth factors, whereas cells that are not stretched are cell-cycle
arrested and tend to undergo apoptosis [68, 73].

Fluid evacuation by NPWT

Exudate removal is another mechanism thought to promote wound healing during
NPWT [17, 43, 44]. Study V was, therefore, performed to investigate fluid removal
at different levels of negative pressure. The amount of fluid removed was found to
increase gradually with increasing level of negative pressure, until a steady state was
reached (Figure 17). Maximal fluid removal was seen at approximately —125 mmHg,
and half this at about —25 mmHg. Thus, in wounds with large volumes of exudate, a
high negative pressure (125 mmHg) may be needed initially. The reason for the
discrepancy in the level of negative pressure required for maximum fluid removal and
the other biological effects (blood flow, macro- and microdeformation) in the wound
edge tissue cannot be deduced from the present study. However, there may be a
difference between the effects of NPWT on the tissue compared to the effects on the
wound space.
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Figure 17. Fluid removal measured gravimetrically after 3 minutes of continuous NPWT (z = 7). The

red line denotes the median values.

It is generally believed that higher levels of negative pressure are needed to treat
wounds containing large volumes of exudate. The effect of NPWT on fluid removal
has been shown to depend on the size of the cavity. Lindstedt er al. showed that
treatment was required for approximately 6 minutes at =70 mmHg to reach maximal
fluid removal in large abdominal wounds into which 500 ml albumin had been
injected [137]. However, most NPWT-treated wounds are small, and Study V shows
that most of the fluid is evacuated within 3 minutes of application of NPWT from a
wound volume of ~60 cm® (Figure 18). There thus appear to be few reasons, if any, to
increase the pressure level beyond —75 mmHg. In large volume wounds with large
volumes of exudate, the need for a higher pressure setting will probably be temporary
for the first day or two, after which the pressure can be reduced to levels more suitable
for healing of the wound edge tissue (as discussed above). Further clinical studies are
needed to corroborate the findings before recommendations can be made.
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Figure 18. Median fluid removal for different pressure levels (7 = 7).

Previous studies emphasize the importance of wound fluid removal as one of the
beneficial effects of NPWT [17, 43, 44]. In a study on rabbits, optimum wound
drainage occurred at a negative pressure level of =75 to —80 mmHg [138]. Chronic
wound fluid is known to inhibit cell proliferation [139, 140], and chronic
inflammation is associated with a vicious cycle in which inflammatory cells secrete
cytokines, which in turn attract more inflammartory cells [141]. At the molecular
level, this has been shown to be associated with an imbalance between the
concentration of proteases (e.g., MMP-3, MMP-9), protease inhibitors (e.g., TIMP-
1), and pro-inflammatory cytokines (e.g., tumor necrosis factor-alpha, interleukin-1
beta) [142-144]. The level of pro-MMP-9 (and active MMP-9) has been shown to be
an accurate prognostic indicator of subsequent healing when measured in venous
ulcers [145]. In a study by Scherer ez al. it was found that pro-MMP levels were
reduced during NPWT and during a 10-day follow-up period [21]. In a recent study
of eight adults receiving NPWT for pressure ulcers, the levels of tumor necrosis
factor-alpha in the wound fluid were found to decrease significantly during the first
24 hours, and this decrease was sustained on day 7 [103]. Removing wound exudate
by NPWT, and thereby optimizing the microenvironment of the wound, most
certainly has a positive influence on the healing process.
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Conclusions

Effects of NPWT on blood flow

In Studies I and II it was found that blood flow decreased 0.5 cm from the wound
edge and increased 2.5 cm from the wound edge. At 1 cm from the wound edge, low
pressure levels led to increased blood flow, while high levels of negative pressure
resulted in decreased blood flow. This may thus represent a transition zone between
the hypoperfused tissue closer to the wound and the hyperperfused tissue further from
the wound. The combination of hypo- and hyperperfusion may be beneficial in the
process of wound healing as hyperperfusion facilitates oxygenation, nutrient supply,
and removal of waste products, whereas hypoperfusion stimulates angiogenesis and
granulation tissue formation.

Blood flow changed gradually with increasing level of negative pressure, reaching half
maximum effect at approximately -45 mmHg and achieving a steady state at about
-80 mmHg. Higher levels of negative pressure (e.g., —125 mmHg) had no further
effect on blood flow. The optimal level of negative pressure for treating a wound may
be the point at which steady state is reached, thereby lowering the risk of causing
ischemia and pain. A lower level of negative pressure may be considered when treating
poorly vascularized tissue or in patients suffering treatment-related pain (Study I).

The effects of NPWT on blood flow reported by different research groups show
disparity. It has been speculated that the results depend on the measurement
technique used. Study II was therefore designed to investigate the effects of NPWT
on periwound blood flow using transcutaneous laser Doppler flowmetry, invasive
laser Doppler flowmetry, and thermodiffusion. The results showed that the pattern of
response may depend on the measurement technique. All three techniques indicated
an increase in blood flow 2.5 cm from the wound edge. When using thermodiffusion
and invasive laser Doppler, the blood flow decreased 0.5 cm from the wound, whereas
an increase was seen with transcutaneous laser Doppler. The transcutaneous laser
Doppler technique is the method of choice in clinical practice due to its non-
invasiveness, however, the results should be interpreted with caution.

The beneficial effects of NPWT on wound healing have been suggested to be even
greater if the level of negative pressure is varied during treatment, for example,
intermittent or variable NPWT. Only a few studies have addressed the biological
effects of intermittent NPWT. The results of Study III show repeated changes in
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blood flow as the negative pressure is alternated. The combination of increased and
decreased blood flow may be beneficial since an increase is known to facilitate
oxygenation and nutrient supply, while decreased blood flow stimulates angiogenesis
and granulation tissue formation. Alternating the negative pressure may be especially
beneficial when treating poorly vascularized tissue. In cases where intermittent
NPWT causes discomfort, variable NPWT may be a good alternative as it provides
the same effects on periwound blood flow.

Mechanical effects of NPW'T

In Studies IV and V, the effects of NPWT on macrodeformation (i.e., wound
contraction) were studied with regard to the type of wound filler (foam or gauze) and
the level of negative pressure. The results of Study V show that the degree of wound
contraction changes gradually with increasing negative pressure level, reaching 50% of
maximal wound contraction at around —45 mmHg and then reaching a steady state at
approximately =75 mmHg. The mechanical effects at =75 mmHg were similar to
those at —125 mmHg. These findings imply that —75 mmHg is a sufficient level of
negative pressure to achieve maximal effects on wound contraction. As the negative
pressure level often has to be reduced in the clinical setting, e.g., due to pain, or if the
wound is poorly vascularized, it appears this can be done in the knowledge that this
will not reduce the mechanical effects on the wound edge tissue. Even when the
negative pressure was reduced to approximately —30 mmHg, there are still
pronounced mechanical effects.

In Study IV, the effects of NPWT on microdeformation were investigated by
histological analysis of the wound bed tissue. Microdeformation during NPWT has
previously been shown for foam. The results of Study IV show that gauze-based
NPWT also results in microdeformation of the wound bed. Micromechanical forces
are known to induce cell proliferation and division, and this may be one of the key
mechanisms of NPWT in accelerating wound healing.

Fluid evacuation by NPWT

Study V was performed to investigate fluid removal at different levels of negative
pressure. The amount of evacuated fluid increased gradually with increasing levels of
negative pressure until a steady state was reached. A negative pressure of —125 mmHg
led to near-maximal fluid removal, and approximately —45 mmHg half maximum
fluid removal. It may thus be beneficial to treat wounds containing large volumes of
exudates at a high pressure (i.e., —125 mmHg) initially and then decrease the pressure
to a level better suited to the needs of the wound edge tissue.
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Clinical implications

Today, it is possible to tailor NPWT through the choice of negative pressure level, the
wound filler material (foam or gauze), and the way in which the pressure is applied
(continuously, intermittently or variably). The 7 vivo research described in this thesis
investigates the effects of these variables on some of the biological processes involved
in wound healing. The studies were carried out on pigs, but interestingly enough,
experienced clinicians have empirically come to the same conclusions. However,
further clinical studies are needed to corroborate the findings before clinical
recommendations can be made.

Negative pressure level

The most commonly used pressure level, —125 mmHg, is based on a limited study on
pigs carried out in 1997 [17]. The use of one pressure in treating all wounds has been
questioned by, among others, Kairinos ez /. [128], and it has been suggested that the
suction pressure should be adapted to suit the consistency and type of tissue, and the
perfusion status of the wound. It is known from the present animal studies, and other
studies by our group, that the maximal biological effects on the wound edges, in
terms of wound contraction (Studies IV and V), regional blood flow (Study I) and the
formation of granulation tissue [146], are obtained already at approximately —80
mmHg. Clinical studies have also shown that negative pressure levels of less than
—125 mmHg result in excellent wound healing [147], and in a retrospective review on
pediatric foam-based NPWT it was shown that the reduction in wound volume was
unrelated to pressures between -50 and -125 mmHg [148]. When using NPWT for
the treatment of poorly perfused tissue (e.g., diabetic foot ulcers and thin skin
transplants), ischemia can develop at the wound edges. Pressures of higher
magnitudes are also known to cause pain to the patient [56, 129]. Thus, it may be
advantageous to reduce the negative pressure to, e.g., <40 mmHg in the treatment of
sensitive, poorly perfused tissue, which is the level at which about half the maximal
biological effect is seen (Studies I and V). There is seldom a reason to use a greater
negative pressure than —80 mmHg, however, —125 mmHg could be used initially to
improve the drainage of exudate in high-output wounds (Study V). A lower negative
pressure can then be used for the further treatment of the wound.
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A review of NPWT studies on the impact of the negative pressure level on the modes

of action of NPWT was recently published [149]. The findings

Figure 19 (below).
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Figure 19. The impact of different levels of negative pressure (x-axis) on the modes of action of

NPWT. Red bars indicate pressures at which no effect or detrimental effects have been observed. Green

bars indicate pressures at which beneficial effects have been observed. The shaded area demonstrates the

therapeutic range of negative pressure levels. (From [149].) * Although higher levels of negative pressure

(denoted by arrows) may be effective, no further benefit is observed.

Thus, there is no single negative pressure level that is suitable for treating all wounds,
but rather a range of pressures within which positive effects can be maximized and
adverse effects hopefully avoided. The negative pressure level may be chosen based on
the biological effects that are deemed most important for the wound in question.
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Wound filler

The choice of wound filler material, foam or gauze, has considerable influence on the
wound healing process, as seen by the amount and characteristics of granulation
tissue. Therefore, this choice warrants careful consideration. Study IV showed that
both foam- and gauze-based NPWT resulted in the same degree of micro- and
macrodeformation. However, Wilkes ez a/. found that gauze produced only
approximately 80% of the microdeformation produced by foam [64]. Studies in
larger wounds have shown that macrodeformation is greater when using foam than
gauze, presumably because of the open, porous texture of foam [150]. Furthermore,
the degree of hypoperfusion in the superficial wound bed tissue has been reported to
be greater when using foam than gauze [150]). Taken together, these findings can
explain the clinical observation that foam is associated with more rapid surface
granulation than gauze.

In case studies by Fraccalvieri ez al., hypertrophic granulation tissue was observed in
the wound bed when using foam, whereas a thinner, denser and more uniform
wound bed was seen with gauze-based NPWT [151]. Empirical evidence indicates
that foam may be a good choice in wounds where large amounts of tissue are desirable
(e.g., in sternotomy wounds). In acute wounds with large tissue loss, foam may offer a
bridging therapy, causing the tissue to contract so that the wound edges are drawn
together. When gauze is used, the newly formed tissue is thinner and more stable.
Gauze has become a popular wound filler among plastic surgeons for wound-bed
preparation before grafting. Empirical findings among clinicians, as well as animal
studies, have shown that hypertrophic granulation tissue leads to fibrosis and scar
tissue, as well as contractures; therefore, thick granulation tissue is undesirable when
the cosmetic result is important, or in cases where scar tissue may restrict movement,
e.g., over joints. In such cases, gauze is preferable. Another important factor that
warrants consideration is the fact that foam shrinks when pressure is applied to it,
which can be a mixed blessing. Although this is an advantage for wound healing, it is
not desirable in wounds that have, or will need, a skin graft or a flap. It is also
disadvantageous in wounds around a joint, where shrinkage causes contraction of the
joint. A small case series of 18 NPWT-treated acute post-traumatic wounds revealed
that newly reconstructed tissue in patients treated with gauze is more similar to
physiological tissue than foam-treated tissue [151]. Ultrasonography showed that the
thickness of scar tissue after treatment with foam is approximately twice that obtained
after treatment with gauze [151].

Many wounds are highly irregular in shape and may extend over a large area, and over
curved surfaces of the body. Foam can be difficult to cut into shape to fit such a
wound, and there is a risk of small pieces of foam being lost in the wound. Gauze
naturally assumes the contours of the wound bed [152], and can easily be cut to shape
or packed into crevices, pockets, or tunnels. Large rolls of gauze are normally used,
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and when inserted into deep structures, a longer “tail” must be left hanging into the
main wound.

Ingrowth of the wound bed tissue into the wound filler is a recently discovered
problem [153]. Contact between foam and the wound bed leads to ingrowth of tissue
in the foam [146, 154], whereas no ingrowth is seen when gauze is used [146].
Therefore, more force is required to remove foam than gauze when changing
dressings [146], which leads to pain. Also, some of the foam material may be left in
the wound leading to non-selective mechanical debridement when it is removed. In a
small, retrospective study of 27 pediatric patients treated with foam-based NPWT for
various soft-tissue defects, the complications described were primarily related to
bleeding caused by disruption of the granulation tissue during dressing changes [155].
Attempts have been made to reduce pain by applying local anesthetics to the surface
of the wound [156], and it is not uncommon that morphine is administered
systemically before dressing changes [157]. However, we believe that the use of local
anesthetics is undesirable, as it may have a negative impact on wound healing [158].
According to recent recommendations regarding NPWT, gauze may be used in
patients more susceptible to pain to reduce the pain experienced during dressing
removal [32]. As foam- and gauze-based NPWT are both capable of delivering
clinically relevant effects [149], the choice of wound filler may, at least partially,
depend on practical considerations, such as ease of application, effects on patient
acceptability/tolerance, availability and cost [149].

A wound contact layer, e.g., paraffin or silicon dressings, is sometimes placed between
the wound bed and the wound filler to prevent ingrowth. In the clinical setting it is
obvious that this reduces the pain when changing dressings, but it may also reduce the
effect of the treatment on the wound bed, probably because these materials are
semipermeable, and the pressure transmitted to the wound bed is reduced [159].

Continuous, intermittent and variable negative
pressure

The most common mode of application of negative pressure is the continuous mode,
i.e., a constant pressure. However, it has been shown that the amount of granulation
tissue in the wound bed increases dramatically during intermittent NPWT [17], most
probably as a result of the favorable combination of increasing and decreasing blood
flow at the wound edges (which facilitates tissue oxygenation, angiogenesis and the
removal of waste products), and the repeated mechanical stimulation of the wound
edges. However, the sudden change in pressure causes the wound filler to expand and
contract repeatedly over the granulation tissue, possibly causing pain to the patient
[31]. Another problem associated with intermittent therapy can be maintaining the
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seal, as the pressure is reduced to atmospheric pressure. When NPWT is used to
stabilize a wound, e.g., over a skin graft, intermittent therapy obviously offers only an
intermittent splinting effect.

Variable NPWT was introduced to provide a smoother transition between two
different levels of negative pressure, to maintain the negative pressure environment
throughout the therapy, and to minimize the problems of pain and sealing.
Interestingly, it has been shown that the effects on macrodeformation, blood flow,
and granulation tissue formation in the wound bed are similar with variable and
intermittent NPWT. Variable NPWT thus seems to combine the advantages of
continuous and intermittent therapies. When the advantages of intermittent therapy
are needed, without the disadvantages of loss of seal as a result of return to
atmospheric pressure, or loss of the splinting action of the dressing, variable NPWT
could, therefore, be applied. We anticipate more use of variable NPWT in clinical
care in the future.

Intermittent and variable NPWT may be advantageous when treating wounds at risk
of developing ischemia, i.e., where the wound edge tissue is poorly vascularized.
NPWT exerts pressure against the wound edge [122], which results in hypoperfusion.
It is well known that the pressure level must sometimes be reduced during treatment
with continuous NPWT to prevent ischemia. During intermittent and variable
NPWT, pressure is alleviated repeatedly, which may prevent persistent tissue
ischemia. Indeed, Holle ez al. reported 100% tissue survival in seven random-pattern
flaps with critical tip perfusion following intermittent NPWT at —100 mmHg [160].

It should be borne in mind that intermittent and, to some extent, variable NPWT
may not be suitable for all types of wounds. Wounds or tissue that require
stabilization, such as sternotomy wounds, tunneling, undermining, split-thickness
skin grafts, venous ulcers, and fistulae, may best be treated with continuous NPWT
[35, 161]. Furthermore, in highly exudating wounds a continuous suction force may
be needed, especially initially, in order to ensure adequate drainage.
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Closing remarks
NPWT has beyond doubt improved both wound healing and the quality of life for

many patients since its commercial introduction in the 1990s. The optimum
conditions for NPWT are still being debated, and it is likely that indication-specific
protocols will be introduced in the future. The parameters of NPWT (the negative
pressure level, the type of wound filler, and the mode of pressure application) can be
tailored to the specific requirements of the wound. The research presented here can
be regarded as a step in this direction. The present studies were carried out in pigs,
and final wound healing effects were not evaluated. Clinical studies are needed to
corroborate our findings and would provide much-needed guidance for providing
optimal wound care.

Knowledge is of no value unless you put it into practice

Anton Chekhov
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otid och dessutom bokstavligen riddat mitt liv en ging eller tva. Ni har ocksa forsett
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for fornyandet av visentliga delar av min garderob genom édren. Hasse har bejakat
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Ebba och Carl, mina favvo-lekkamrater nir skrivinspirationen tryter och
barnsligheten tar 6verhand.

Maria. Stort tack for att du tolererat alla papper som legat utspridda i huset i tid och
otid. Och f6r att du pysslat om kidsen medan jag skrivit. Jag dlskar dig.

Don’t be too optimistic. The light at the end of the tunnel could be a train.
Franz Kaftka
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