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If you can't explain it simply, you don't understand it well enough.

- Albert Einstein






Abstract

NPWT has recently been associated with severe complications and bleeding
when used in wounds with exposed blood vessels. The aims of this work were to
investigate the mechanisms of action of NPWT and to explore the possibility of
using thin plastic discs to protect exposed blood vessels in the wound bed
during NPWT.

Three different kinds of wounds were created in pigs: 6 cm and 10 cm diameter
circular defect wounds on the back and 6 cm incision wounds in the groin,
exposing the femoral artery. Microvascular blood flow was studied with
transcutaneous laser Doppler flowmetry (LDF), invasive LDF, and
thermodiffusion. Femoral artery blood flow was studied with invasive LDEF.
Pressure in the wound edge tissue, in the wound cavity and periarterial pressure
was measured with pressure transducers. Wound contraction and wound fluid
removal were also studied.

Tissue pressure 0.1 cm from the wound edge decreased while an increase was
found further (0.5 cm) from the wound edge. Increased tissue pressure is
believed to be the result of wound contraction and wound edge tissue
deformation. The use of a small foam wound filler allowed significant wound
contraction, which may result in considerable mechanical stress. In contrast,
gauze or a large foam filler led to less wound contraction, which may be more

appropriate when NPWT causes pain.

Furthermore, NPWT induced a decrease in blood flow 0.5 cm, and an increase
2.5 cm from the wound edge, with a transition zone at 1 cm. This combination
of hypo- and hyperperfusion may facilitate both oxygenation and stimulate
angiogenesis. However, NPWT should be used with caution in tissues with
compromised vascularity due to the risk of ischemia.



Thin plastic discs of different designs were placed in the wound bed during
NPWT. Femoral artery blood flow and wound bed tissue blood flow decreased
when NPWT was applied, but was restored when a disc was inserted. The key
mechanisms of NPWT — i.., pressure transmission to the wound cavity,
wound contraction, and wound fluid removal — were not impaired by the discs.
Further development and studies on the possible protective effects of thin
plastic discs used during NPWT are needed before these can be implemented in
clinical practice.
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Introduction

During the past decade, NPWT has revolutionized the management of wounds
(1). The treatment entails the application of vacuum to a sealed, airtight wound
and initiates a cascade of interrelated biological reactions that ultimately lead to
enhanced wound healing. However, there has recently been an increase in
the number of reports of bleeding and serious complications associated with the
use of NPWT, and the importance of protecting the heart and other exposed
organs is now being emphasized in the scientific literature. The aim of the work
described in this thesis was to clarify the mechanisms of action of NPWT and
to develop techniques that could be used to protect exposed blood vessels in the
wound bed. The field of research is described below, followed by the aims, the
methods, the results and conclusions, as agreed in our research group and with
the permission of the respective publisher.

Chronic wounds

Non-healing chronic wounds are the cause of significant concern, and are
estimated to account for 2-4% of all health care expenses in developed countries
(2). Chronic wounds are not only a financial burden, but also a social problem,
leading to reduced quality of life due to pain, depression, loss of income, and
impaired mobility (3). The problem of complex non-healing wounds is
expected to increase considerably in the future due to the ageing population,
and the expected increase in diseases such as type II diabetes mellitus and
obesity.

In addition to the increasing incidence of chronic wounds, the need for post-
surgical wound care is also increasing (4), with surgical site infections expected
to occur in 3-4% of all patients undergoing surgery in European hospitals. As



the population ages, a sharp increase can also be expected in the number of
patients undergoing surgery (5).

The normal healing of wounds

Wound healing is an intricate process consisting of a series of events that
overlap and are dependent on each another. The course of wound healing is
traditionally divided into three phases: the inflammatory phase, occurring
immediately after the injury, the proliferative phase and, finally, the maturation

phase (6).
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Figure 1. Illustration of the three phases of normal healing of an acute wound. Wound healing
is initiated in the inflammatory phase (days 0-6), and is followed by the proliferative phase (days
4-24) and the maturation phase (day 21 up to 1 year). A chronic wound, however, remains in the
inflammatory or the proliferative phase, and does not heal. Adopted from (6-8).

The inflammatory phase starts directly after the injury, and lasts for approx-
imately 6 days. Immediately after the injury, platelets aggregate at the wound
site and form a fibrin clot to stop bleeding. Once hemostasis is achieved, the
blood vessels dilate and become more permeable causing an increase in exudate,
which in turn facilitates the migration of inflammatory cells involved in the
phagocytosis of bacteria and debris (6).



The proliferative phase follows the inflammatory phase, and typically lasts
about 4 weeks (7). During this phase, vascular endothelial cells produce new
blood vessels, a process referred to as angiogenesis (6). Fibroblasts produce
collagen and fibronectin, creating a provisional extracellular matrix (6).
Together with the newly formed blood vessels, the extracellular matrix forms
granulation tissue. The proliferative phase also includes the formation of a new,
thin epithelial cell layer, a process known as re-epithelialization, in which
epithelial cells proliferate and bridge the wound. Re-epithelialization is
accelerated if the environment around the wound is moist, as new epidermal
cells travel faster across moist surfaces (9). Contraction of the wound, a very
important part of wound healing in loose-skinned animals, also occurs in
human wound healing. For example, on the back, neck and forearms, where the
skin is not tightly bound to underlying structures, up to 80% of closure can be
achieved by contraction. An undesirable effect of wound contraction is
contracture, where the skin becomes too tight, reducing the range of motion.
This may occur, for example, over joints (10).

Maturation or remodeling is the final phase. It starts once the wound has closed
and can last for years (8). During the maturation phase, redundant cells are
removed through apoptosis, and changes in the remaining tissue, through the
remodeling of collagen, result in a scar that has similar properties to the parent
tissue.

Wound healing is thus a dynamic and highly complex process involving a great
diversity of cell types and soluble mediators. Acute wounds typically follow the
phases described above. However, some wounds do not. They remain in the
inflammatory or proliferative stage, leading to a chronic wound (11). Chronic
wounds are normally defined as those persisting for more than 4 to 6 weeks, not
showing the characteristics of normal wound healing (12). The majority of
chronic wounds can be divided into four groups, namely: pressure ulcers,
diabetic ulcers, arterial leg ulcers and venous leg ulcers (13, 14).

Conventional wound treatment

As each case is unique, the initial step in wound treatment is to assess the
patient. For example, good glycemic control is important in diabetic patients,
and those who smoke should be encouraged to give up the habit. If the patient



is suffering from edema, this should be adequately treated. Arterial blood
circulation must also be assessed, and if found to be decreased, this must be
addressed. Some patients may need to undergo revascularization surgery.
Peripheral nerve function must also be investigated and if found to be reduced,
as is common in diabetic patients, the use of offloading footwear should be
considered (15). Typical considerations and strategies for the treatment of
wounds have been described by a group wound care experts (Schultz et al.) (1,
16), and are described below.

The first step in treating a wound is wound cleaning and debridement, i.e., the
removal of devitalized or non-functional tissue. The removal of necrotic, non-
viable tissue has been shown to dramatically increase wound healing (17).

Managing inflammation and infection is the next step. Chronic wounds are
characterized by elevated levels of proteases (matrix metalloproteinases, MMPs)
and neutrophil elastase. This increased proteolytic activity is thought to disturb
essential growth factors and growth-stimulating receptors, and destroy the
underlying extracellular matrix (18, 19). Previous studies have also shown that
the majority of wounds contain bacterial biofilms (20) that are difficult to treat
if not debrided frequently, as they can return to their original status within 48-
72 hours of the last debridement (21).

Furthermore, a moist environment is essential in wound healing, and the
production of exudate is vital. However, if a wound produces too much
exudate, the wound bed may become saturated, causing wound fluid to leak
into the adjacent skin, leading to maceration of the tissue. Wound fluid
stagnation may also trigger infection (22). Choosing the appropriate wound
dressing material, and keeping the wound environment adequately moist are
therefore of the utmost importance (23). There is a wide selection of wound
dressing materials on the market, including gauze, films, hydrogels, hydro-
colloids, foams, alginates, and antimicrobial-impregnated materials (24).

As described above, re-epithelialization is an important step towards wound
healing. This can be hampered or prevented by a number of things. For
example, it is believed that the native cells of chronic wounds have undergone
changes that affect their ability to proliferate and move. Also, fibroblasts in
diabetic ulcers seem to respond slowly to growth factor stimulation (25). Other
factors believed to inhibit re-epithelialization include ischemia, as low oxygen
levels reduce the ability of leukocytes to kill bacteria (16), infection, and the
formation of callus at the wound margin (23).



During the last decade, new discoveries have been made, for example, the
importance of biofilms in chronic wounds, and their management. New
treatments have also been introduced, such as topical antimicrobial treatment.
In the late 1990s another novel mode of treatment revolutionized chronic
wound care, namely negative pressure wound therapy, NPWT (1).

Negative pressure wound therapy

Negative pressure wound therapy is sometimes also referred to as vacuum-
assisted closure (V.A.C.) or topical negative pressure therapy (TNP), and has
revolutionized the management of both acute and chronic wounds. The
principle is quite simple: the wound is first filled with a porous material, usually
gauze or polyurethane foam, to allow the pressure to be transmitted to and
evenly distributed over the wound. A drainage tube is attached above the
wound filler, and the wound is then sealed with an adhesive drape. The
drainage tube is connected to a vacuum pump and a negative pressure is applied
(26). The vacuum pump can be set to any pressure, but pressures commonly
used clinically range from -80 to -125 mmHg (27). The pump can also be
operated in different modes providing continuous, intermittent, or variable
pressure reduction. Continuous mode throughout the whole treatment is the
most frequently used mode clinically. In variable mode, the vacuum suction is
varied, but never turned off completely; for example, it may range from -10 to
-80 mmHg. In intermittent mode, the vacuum suction is turned on and off; for
example: 5 minutes at -80 mmHg, and 2 minutes without suction.

NPWT generates a series of reactions in the wound and the surrounding tissue
that ultimately lead to wound healing. Immediately after the vacuum pressure is
applied the wound contracts, wound fluid is drained (28-30), and the wound
bed is mechanically stimulated (31-33). NPWT also creates a moist wound
environment (34), modifies blood flow in the wound area (29, 35-37) and
triggers the formation of new blood vessels (38, 39). Furthermore, previous
studies have shown that NPWT also reduces tissue edema (40) and stimulates
the formation of granulation tissue (29).



Vacuum pump

Drainage tube

Adhesive tape

Wound filler

Figure 2. NPWT of a wound filled with gauze. The wound is sealed with an adhesive drape,
and a drainage tube is connected to a vacuum pump. The pump can be set to various pressures,
and different modes (e.g. continuous, intermittent, or variable).

Historical aspects of vacuum therapy

The use of vacuum suction in wound healing dates back thousands of years. For
example, in the Roman era, deep wounds were treated by direct suction by
mouth. This practice was later abandoned in favor of syringes as it was regarded
as unhygienic (41). During the 19" century, heated glass cups were applied to
the patient’s skin. As the air cooled, a partial vacuum was created inside the
glass cups, stimulating the circulation (41).



Figure 3. Heated glass cups (so-called Bier cups) were applied to the patient’s skin, and as the
air cooled, a partial vacuum was created. The method was used to stimulate local blood flow. This
figure is reproduced with the permission of Prospera (Fort Worth, Texas, USA).

In recent times, Raffl used vacuum suction to accelerate wound healing after
radical mastectomies in the early 1950s (42). In 1985, a Russian surgeon,
Bagautdinov, described the use of vacuum suction to promote wound healing,
at a hospital in Kazan, Russia (41). In 1989, Chariker et al. (43) reported the
use of vacuum therapy in patients with incisional or cutaneous fistulae in
abdominal wounds. Following this, in 1993, Fleischmann et al. used vacuum
suction to promote healing in patients with open fractures (44).

However, NPWT was not widely adopted in wound care until the publication
of the work of the plastic surgeon Morykwas and his colleague Argenta, a
biomedical engineer, in 1997. They showed that NPWT could be used to
reduce local edema and manage wound exudate in a porcine model (29).
Together with a medical company, Kinetic Concepts Inc. (KCI), they
developed the first commercially available system, namely the V.A.C.® Therapy

System (KCI, San Antonio, TX, USA). Today, NPWT is used worldwide in a
range of surgical disciplines.

It is estimated that around 300 million wounds are treated with NPWT
annually (45), and numerous studies have demonstrated both the medical and

7



financial advantages of NPWT, for example, faster wound healing, earlier
discharge from hospital, fewer readmissions and improved quality of life (46-
50). Wounds suitable for NPWT are venous leg ulcers (50), diabetic foot ulcers
(51, 52), vascular surgery wounds (53), skin grafts (54), decubitus ulcers (55),
burns (56), wound dehiscence following abdominal (57) and thoracic surgery
(58), and traumatic orthopedic (59) and surgical infections (60).

Mechanisms of NPWT

NPWT promotes wound healing through a series of mechanisms. The
treatment has been shown to drain exudate (28-30), contract the wound edges
(28-30, 61-64), decrease tissue edema (28, 29, 65) and mechanically stimulate
the wound bed (31, 33). Furthermore, it promotes both the formation of new
blood vessels and granulation tissue (29, 38, 39, 66, 67). NPWT also creates a
moist wound healing environment (34) and alters the blood flow in and around
the wound edges (29, 35-37). The fundamental effects of NPWT are presented

in detail in the sections below.

Removal of
wound fluid

Wound contraction

Altered blood flow

Figure 4. Cross-sectional view of a wound treated with gauze-based NPWT. The figure
illustrates some of the fundamental effects of NPWT (i.e., wound contraction, wound fluid
removal, and altered blood flow). Illustration by Bo Veisland, Lund, Sweden.



Mechanical forces of NPWT

It is known that cells require tension to divide and proliferate (68, 69), while
cells that are not stretched undergo apoptosis (68, 70, 71). As NPWT is
applied, the wound contracts creating macrodeformation of the wound. This is
thought to be one of the fundamental effects of NPWT (72). During macro-
deformation, shearing forces affect the cytoskeleton (73-75), initiating a signal-
ing cascade that leads to increased production of granulation tissue and
ultimately enhanced wound healing.

The mechanical forces produced during NPWT not only cause macro-
deformation of the wound, but also microdeformation. As NPW'T is applied, the
wound bed is drawn up towards the wound filling material, whether it be foam
or gauze, causing imprints of the material on the surface of the wound bed that
can be seen in a microscope (76). These microscopic changes create tension on
the cells, leading to a number of biochemical reactions and gene transcriptions
(33, 39, 77-79). For example, mechanical tissue deformation stimulates the
expression of angiogenic growth factors and receptors (i.e., vascular endothelial
growth factor (VEGF), VEGF receptors and angiopoietin system receptors) (39,
78, 80-85). Furthermore, in vitro studies have shown that the stretching of
endothelial cells stimulates blood vessel formation (86, 87). Mechanical stress
also promotes the production of extracellular matrix components such as
collagen, elastin, proteoglycans and glycosaminoglycans (78, 85, 88). A recent
murine study also revealed a significant increase in dermal and epidermal nerve
fiber densities in wounds treated with NPWT, indicating that vacuum
treatment may promote nerve reproduction (89).

A previous study has indicated that the type of wound filler used may affect the
degree of wound contraction. It was shown that foam produced greater wound
contraction than gauze (90). Study I presented in this thesis was designed to
evaluate the effects of different types and sizes of wound fillers on wound
contraction.

The removal of wound fluid and reduction of edema

A moist environment is vital in wound healing (91-93) as it facilitates the re-
epithelialization process. However, in an overly moist wound, wound exudate
may cause infection (22) and maceration, leading to damage to the wound
edge. Stagnant wound fluid may also increase the risk of abscesses. As
mentioned above, the composition of wound exudate in chronic wounds differs



from that in acute wounds, leading to inhibited wound healing (18, 19). Several
studies have shown that NPWT removes exudate (28-30).

NPWT is also believed to reduce post-inflammatory edema (94). Edema causes
increased pressure on the wound tissue, which in turn compromises the
microvascular blood flow, reducing the inflow of nutrition and oxygen. This in
turn reduces resistance to infections and inhibits healing.

The effect on blood flow - a subject of much debate

It is well known that NPWT affects the periwound blood flow. The first to
study this were Morykwas and Argenta (29) in a porcine model, who reported
that the blood flow increased during NPWT. The effects of NPWT on blood
flow have been studied intensively since its clinical introduction, although no
consensus has been reached. Several studies have reported increased blood flow
in the periwound tissue during NPWT (36, 37, 67, 95), while others have
observed decreased blood flow (35-37). Study II was carried out to further
investigate the effects of NPWT on periwound blood flow.

Formation of granulation tissue

Granulation tissue is a vascular connective tissue formed on the surface of a
healing wound. The production of granulation tissue starts during the
proliferative phase of wound healing, and the tissue is composed of newly
formed capillaries and connective tissue. Several studies have shown that
NPWT increases the production of granulation tissue, compared to
conventional moist gauze therapy (29, 55, 96).

Does NPWT reduce bacterial count?

NPWT offers a closed system for wound healing, as the adhesive drape provides
a barrier against secondary infection. However, it has not yet been established
whether NPWT reduces the amount of bacteria in the wound. Initial studies by
Morykwas et al. indicated that the bacterial load in the wound decreased during
NPWT (29), and a subsequent study, also conducted by Morykwas, confirmed
these results (30). However, other studies have shown increased numbers of
bacteria during NPWT (97, 98). Another interesting finding is that NPWT
may alter the composition of the bacterial flora, rather than reducing the
bacterial load (99), for example, decreasing the amount of gram-negative bacilli
while increasing the amount of Staphylococcus aureus. In conclusion it cannot
with certainty, from the present literature, be deduced if NPWT reduces the
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bacterial load in the wound or not, and further studies are required to elucidate
this issue.

Complications associated with NPWT

The use of NPWT as a wound-healing tool expanded rapidly, but at the
beginning of the 2000s reports of complications started to emerge. In 2003,
Abu-Omar et al. described two cases of right ventricular rupture during NPWT
of the sternum due to mediastinitis following coronary artery bypass grafting
(CABG) (100). In 2006, Sartipy et al. reported five additional cases of right
ventricular rupture following NPWT in patients treated for post-CABG
mediastinitis, three of which died (101). The risk of right ventricular rupture
and by-pass graft bleeding following NPWT of mediastinitis is currently
estimated to be between 4 and 7% of all cases treated (101-111).

Severe bleeding of large blood vessels such as the aorta has also been reported in
several patients receiving NPWT (108, 110). NPWT has shown good results in
treating post-operative infections in peripheral vascular grafts (112), but here
too, reports of bleeding have started to emerge. The incidence of NPWT-
related bleeding in patients with exposed blood vessels or vascular grafts (such as
femoral and femoral-popliteal grafts) in groin wounds was as high as 10% in

some studies (113). Severe bleeding has also been reported in patients receiving
NPWT for burn wounds (114).

Bleeding from a blood vessel arises from a perforation in the blood vessel wall.
A contributing factor to such a perforation may be NPWT-related hypo-
perfusion of the blood vessel wall. Infected or burn-damaged vasculature is
probably very sensitive to hypoperfusion, and NPWT is known to cause
changes in perfusion. Applying NPWT to already sensitive structures may
therefore cause ischemia, followed by necrosis, and ultimately rupture of the
blood vessels. In addition to hypoperfusion, mechanical shearing forces, which
are known to arise during NPWT, on the blood vessel wall may place extra
strain on an already vulnerable structure, ultimately adding to the risk of
rupture and severe bleeding.

The increasing number of reports of deaths and serious complications
associated with NPWT led to two alerts being issued by the American Food
and Drug Administration (FDA), in 2009 and 2011 (115, 116), stating that
during a four-year period, NPWT had caused 174 injuries and 12 deaths, nine
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of which (i.e., 75% of the deaths) were related to bleeding, in the U.S. alone.
According to the FDA, bleeding of exposed blood vessel grafts during NPWT,
due to for example graft-related infections, continues to be the most serious
adverse event. These disturbing reports caused the FDA to state that NPWT is

contraindicated (116) in certain types of wounds:

* in wounds with necrotic tissue with eschar

* in non-enteric and unexplored fistulas

e in wounds with malignancy present in the wound
* in wounds with exposed vasculature

* in wounds with exposed anastomotic sites

* in wounds with exposed nerves, and

* in wounds with exposed organs.

Despite this, off-label use (i.e., use outside the manufacturer’s recommend-
ations) has continued in some of these cases, as there are no alternatives that
give comparable results. For example, Petzina et al. showed that mortality due
to mediastinitis was reduced from 25% to 6% when using NPWT, compared
to conventional treatment, even with the risk of right ventricular rupture (117).
Good results have also been reported during NPWT of infected vascular grafts
(112). As the number of complications arising from NPWT treatment has
increased, the importance of protecting exposed organs (for example blood
vessels) has been emphasized in the international scientific literature (107, 118-
121).

The reason for right ventricular heart rupture and the bleeding complications
following this were unknown until our research group identified the problem in
2009 (122). Pigs undergoing simulated heart surgery (i.e., sternotomy and
pericardiotomy) were examined with magnetic resonance imaging (MRI), and it
was found that the heart was drawn up towards the thoracic wall, causing the
sharp sternal edges to be pressed into the anterior surface of the heart. In an
attempt to prevent this, multiple layers of soft wound dressing were placed over
the anterior surface of the heart. However, this did not prevent deformation
and rupture of the right ventricle. Insertion of a rigid disc between the sharp
edges of the sternum and the heart was shown to prevent deformation of the
right ventricle. The development of a protective disc began, leading to the
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HeartShield® device (122-124). This protective device has proven to be safe and
efficacious in protecting the heart (125-127). Figure 5 below shows an
illustration of a prototype of the protective device. Using rigid barrier discs to
protect exposed organs during NPWT is covered by patents and patent
applications. These are indirectly controlled by Sandra Lindstedt, Malin
Malmsjo, and Richard Ingemansson.

Foam wound filler

Figure 5. Cross section of a sternal wound illustrating how the heart can be protected from the
mechanical effects of NPWT by a disc.

The application of NPWT to help heal vascular graft infections has shown good
results (112), but there is still no device for protecting exposed blood vessels, for
example, during NPWT of infected vascular grafts. Since a rigid disc inserted
between the heart and the sternum could protect the heart, we hypothesized
that a blood vessel could be protected in a similar way, by inserting a thin
plastic disc between the blood vessel and the wound filling material.

Studies III, IV, and V were experimental studies carried out in different kinds
of peripheral wounds, in a porcine model. The aim was to investigate the
possibility of using thin plastic discs during NPWT to protect exposed blood
vessels in the wound bed. Figure 6 below shows a schematic view of a peripheral
wound prepared with a protective device shielding the blood vessels.

13



Figure 6. NPWT treatment of a peripheral wound with exposed blood vessels. A protective
device has been inserted between the foam wound filler and the blood vessels.
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Thesis at a glance

The studies described in this thesis are summarized in the table below. In all
cases, peripheral wounds were studied in a porcine model. The same eight

animals were used in Studies I and II, and another eight animals were used in
Studies III, IV and V.

Study Aim Type of Wound Methods

1I To study the effects of NPWT on Circular defect wound, Transcutaneous laser
microvascular blood flow using 6 cm in diameter, back  Doppler flowmetry
different measurement techniques  of the pig. (LDF), invasive LDF,

thermodiffusion

v To investigate the effects of thin Circular defect wound, Invasive LDF with
plastic discs on wound cavity 6 cm in diameter, back  probe 418-1, pressure
pressure and microvascular blood of the pig. transducers
flow during NPWT
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Aims

The principal aims of the work presented in this thesis were to investigate the
mechanisms of action of NPWT and to explore the possibility of using thin
plastic discs during NPWT to protect exposed blood vessels in the wound bed.

The specific aims were:

to study the effects of different types and sizes of wound fillers on
wound contraction and tissue pressure during NPWT,

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

during NPWT,

to study the effects of thin plastic discs during NPWT, on femoral
artery blood flow, femoral periarterial pressure, wound bed
microvascular blood flow, pressure transmission to the wound cavity,
wound contraction, and wound fluid removal.
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Methods

Ethical considerations

The studies presented in this thesis were carried out on animals (i.e., porcine
models). Our research group implements the tenet of the 3 R’s, namely
Replacement, Reduction and Refinement (Russell and Burch, 1959) (128).

The research described in this thesis could not be carried out using an in vitro
model. A porcine model was therefore chosen, as the skin of the pig resembles
that of a human being. Furthermore, we plan and combine our experiments in
order to reduce the number of animals required. Each animal was used for
different purposes; in these cases experimental studies were performed at three
different wound locations (see Figure 7), in the same animal. Using a single
animal for several purposes reduces the number of animals needed drastically,
but must always be weighed against the possibility of interference between
experiments. We cannot be certain, but we do not believe that using the same
animal for different experiments has affected the results of these studies.
However, it is important for the reader to know that the animals have been
used for more than one purpose. Refining the experiments is a continuous
process. The animals are fully anesthetized throughout the whole experiment.
Heart rate, respiratory rate, breathing reflex, eye-lash reflex and muscular
response (e.g. hoof-withdrawal reflex, jaw-tone) are continuously monitored to
ensure that the level of anesthesia is adequate. The animals never regain
consciousness after the experiments, but are euthanized by an intravenous bolus
dose of potassium chloride.
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Animal preparation

The experimental protocols used in these studies were approved by the Ethics
Committee for Animal Research at Lund University, Sweden. All animals
received humane care in compliance with the European Convention on Animal
Care. A porcine model was used in these studies, as the properties of their skin
are comparable to those of humans. Smaller animals such as rabbits, rats, and
mice are often used in wound healing studies as they are less expensive, and
easier to handle. However, the skin of smaller animals differs from human skin
in several respects. For example, in these smaller animals primary healing occurs
principally through wound contraction, whereas in both pigs and humans,
wound healing occurs mainly through re-epithelialization. Furthermore, small
animals have a thick layer of fur, and a thinner epidermis and dermis, while pigs
have an epidermis and dermis of about the same thickness as humans.
Moreover, porcine dermal collagen is similar to that in humans (129). Thus,
the pig offers the best model of humans with regard to skin anatomy and
physiology. However, it should be noted that the wounds studied here were
clean, non-infected and uniform with regard to diameter and depth, which is
seldom the case in clinical practice, where wounds, especially chronic ones, are
rarely identical. The pigs were healthy, with a mean body weight of 70 kg.
Wounds were made under general anesthesia, which was maintained
throughout the experiments. At the end of each experiment a lethal dose of
potassium chloride was administered intravenously.

Detailed descriptions of the animal preparation and the anesthesia can be found
in the respective papers.

Wound preparation

The short-term effects of NPWT were studied in peripheral, surgically made
wounds on the back of the pigs in Studies I, II, IV, and V, and in wounds in
the groin of the pig (inguinal wounds) in Study III. The wounds were circular
defect wounds with diameters ranging from 6 cm (Studies I, II, and IV) to 10
cm (Study V). In Study III, the wound was incisional and 6 cm long, leaving 6
cm of the femoral artery exposed for the study of the blood flow in this artery.
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An overview of the locations of the different kinds of wounds is presented in
Figure 7 below.

10 cm defect
wound on

the back

6 cm defect wound on
the back

| |
Insicion wound
in the groin

Figure 7. Illustration of all three different wound locations; a 6 cm long incision wound in the
groin of the pig, and two circular defect wounds, 6 cm respectively 10 cm in diameter, on the

back of the pig.

Femoral artery

Figure 8. Incision wound in the groin of the pig (Study III). This picture shows how tissue has
been dissected away, to expose the femoral artery.
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The depth of the wounds also varied. In Study III the wound extended into the
subcutaneous tissue (1 cm), while in Studies I, II, IV and V the wounds were
somewhat deeper (3-4 cm), extending down into the muscle tissue.

Pressure 7

e o R
LDF probes — N &

g

N’«\ ‘ b.‘ ;z

Figure 9. Representative example from Study IV showing a 6 cm in diameter circular defect
wound located on the back of the pig.

The design of the protective discs

Thin plastic discs, intended to protect exposed blood vessels during NPWT,
were evaluated in Studies III-V. These studies focused mainly on ensuring that
the discs could be used safely, without compromising the mechanisms of action
of NPWT, i.e. the effects on wound bed microvascular blood flow, pressure
transmission to the wound cavity, wound contraction and wound fluid
removal. The effects on blood flow in the femoral artery, and femoral
periarterial pressure was also studied.

Discs of five different designs were used. All the discs were circular, with a
diameter of either 6 cm (Study III and IV) or 10 cm (Study V) and when
needed the discs were slightly adjusted to fit the wound (Study III). All discs
had a thickness of 1 mm and were made of clear polyurethane (PU) plastic,
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rigid enough to withstand the forces of the negative pressure. Some of the discs
had 5 mm wide channels to accommodate exposed structures such as blood
vessels, and some had 2 mm wide perforations distributed evenly over the
surface of the discs with 5 mm intervals. In all cases, except in that referred to as
the bare disc, a dressing of open-pore polyurethane foam covered the underside
of the disc to facilitate pressure transmission and fluid evacuation. Also, a thin,
perforated, soft non-adherent wound contact layer was inserted between the
disc and the wound bed. The five principal kinds of discs and dressings are
illustrated in Figure 11 on the next page.

Figure 10. Representative image from Study IV showing a 6 cm in diameter, circular defect
wound on the back of the pig, with a plastic disc (the “bare disc”) placed in the wound.
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View
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Perforations (2 mm)

Disc, perforated

Disc with channels,
perforated

$ Thickness 1 mm

Figure 11. Schematic illustrations of the five various kinds of discs, from above, and cross-

sectional views.
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Wound contraction and wound fillers

Wound contraction during NPWT was measured in Studies I and V. Four
marks were made around the edge of the wound, in orthogonal directions. The
diameter of the wound was measured with a Vernier caliper as illustrated in

Figure 12, and the mean value of the two diameters was calculated.

Figure 12. The diameter of the wound was measured with a Vernier caliper in two orthogonal
directions (denoted by the white arrows). Permanent marks were made on the skin to allow
measurements at the same position on every occasion.

Study I was designed to investigate the effects of different sizes and types of
wound fillers on wound contraction and tissue pressure. Polyurethane (PU)
foam and saline-soaked gauze of two different sizes, denoted small and large,
were used. The small foam filler had a diameter of 50 mm, while the large foam
filler was 70 mm in diameter. PU foam was used in Studies II-V. Two gauze
sponges, each measuring 150 x 170 mm, together constituted the small gauze
filler, and three gauze sponges constituted the large gauze filler. The diameters
of the wound were measured before and after the application of negative
pressures ranging from 0 mmHg to -160 mmHg at intervals of 20 mmHg,.
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Study V was designed to evaluate the effects of five different thin plastic discs
described above. Wound contraction and wound fluid removal were investi-
gated. The wound diameter was recorded for all five discs (i.e., all discs were
tested individually), before and after the application of a negative pressure of
-80 mmHg. The same wound but without a disc served as a control wound.

Pressure measurements

Wound cavity pressure, periarterial pressure (i.e., the pressure on top of the
femoral artery) and wound edge tissue pressure was measured in Studies I, III,
and IV. Two different techniques were used: a custom-built pressure gauge that
relies on pressure transmission via a saline-filled catheter, and an intracranial
tissue pressure (ICP) microsensor (Codman/Johnson and Johnson Professional
Inc., Massachusetts, USA), in which pressure is measured with a miniature
strain gauge.

Study 1

In Study I negative pressures between -20 and -160 mmHg were applied to a
peripheral porcine wound. Wound cavity pressure was measured underneath
the wound filler using the saline-filled catheter. The tip of the catheter was
sutured to the center of the wound cavity and the catheter was connected to the
custom-built pressure gauge. This technique is not suitable for pressure
measurements in tissue, as fluid may accumulate at the end of the probe.
However, pressure measurements in the wound cavity pose no problems as the
fluid is evacuated continuously by NPWT. Caution must yet be undertaken so
that the fluid from the catheter is not completely evacuated by NPWT, by

intermittently, between the measurement series, infusing saline.
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Figure 13. Equipment used for pressure measurement during NPWT in Study I. Four Codman
ICP express monitors (a) and a custom-made pressure recorder (b), used to measure tissue
pressure are shown on the left. The image on the right shows an enlargement of the peripheral
wound filled with foam, during NPWT. ICP microsenors (c) and a saline filled catether (d) were
used to measure tissue pressure.

Wound edge tissue pressure was measured at distances of 0.1, 0.5, 1.0, and 2.0
cm from the wound edge (see Figure 14). The sensors were inserted into muscle
tissue at a depth of 2 cm using an 18G Tuohy needle. The Codman ICP
monitoring system was used to measure periwound tissue pressures as it can
record high positive pressures. This system was not used to measure wound
cavity pressure in Study I since it can only record negative pressures down to
-99 mmHg, and negative pressures below -120 mmHg were applied in this
study.
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Vacuum suction

Foam 0.1cm 0.5cm 1.0 cm 2.0 cm

I |

Figure 14. Position of the probes in Study 1, for the measurement of pressure in the wound
cavity and tissue pressure 0.1, 0.5, 1.0, and 2.0 cm from the wound edge.

Study 111

Study III was carried out to investigate the effects of the five different thin
plastic discs on femoral periarterial pressure (pressure on top of the femoral
artery) and blood flow in the femoral artery during NPWT. The experimental
setup is shown in Figure 15. Incision wounds were created in the groin of the
pigs. Two ICP microsensors were fixated with sutures on top of the femoral
artery to record the periarterial pressure. The periarterial pressure and blood
flow in the femoral artery were recorded before and after the application of
continuous negative pressures of -80 and -120 mmHg using a custom-built
vacuum source. A disc was placed over the artery, and the procedure was
repeated. All five discs were tested individually.
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Figure 15. Position of the probes for the measurement of periarterial pressure in Study III. This
picture also shows an LDF-probe, used to measure blood flow in the femoral artery.

Study 1V

The thin plastic discs were further examined in Study IV, where wound cavity
pressure and wound bed microvascular blood flow during NPWT were studied.
The experimental setup is shown in Figure 21. Circular defect wounds, 6 cm in
diameter, were created on the back of the pigs. Pressure was recorded using
both ICP microsensors and the custom-built pressure gauge. Negative pressure
(-80 mmHg) was applied using a custom-built vacuum source. The effects of all
the disc designs were studied in each wound.

Blood flow measurements

Blood flow was investigated in Studies II, III, and IV. In Study II, micro-
vascular blood flow in the wound edge tissue was studied using transcutaneous
laser Doppler flowmetry (LDF), invasive LDF, and thermodiffusion. Blood
flow in the femoral artery was investigated in Study III, using invasive LDF
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(probe 457). In Study IV, wound bed microvascular blood flow was assessed
using invasive LDF, with probe 418-1.

Laser Doppler flowmetry

Laser Doppler flowmetry (LDF), also known as laser Doppler velocimetry, is a
technique frequently used to measure blood flow in flaps during plastic surgery
procedures (130) and after skin burns to assess burn wound outcome (131).
However, LDF does not measure blood flow directly, it is indirectly determined
by recording the velocity and number of red blood cells. LDF can be utilized to
measure blood flow invasively and non-invasively (transcutaneously).

LDF probe

Emitter Receiver

Capillaries

N

Circulating RBCs

Figure 16. The basic principle of laser Doppler flowmetry (LDF). Laser light is emitted into the
tissue (red beams). Most of the light is absorbed or reflected in the tissue (red and blue beams),
but some of the light is reflected back to the LDF probe (green arrows). Light impinging on a
moving object such as a red blood cell (RBC) undergoes a Doppler shift. The figure is used with
permission from Perimed AB Sweden.

The invasive method entails the use of a fiberoptic probe that is inserted into

the tissue where the blood flow is to be measured. The probe carries and emits a
beam of laser light, which is scattered in the tissue. Red blood cells (RBCs)
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passing by the probe reflect the laser light, which at the same time undergoes a
change in wavelength. This change in wavelength is referred to as the Doppler
shift. Light reflected from stationary objects remains unchanged. The amount
and frequency distribution of the fluctuations in wavelength are directly related
to the number and velocity of the RBCs (132). The data are collected by a
fiberoptic cable, converted into an electric signal, and analyzed. The blood flow
can then be determined from the product of the mean velocity and the mean
concentration of the RBCs in the volume of tissue illuminated by the probe.
However, the blood flow obtained in this way cannot be presented in absolute
units, e.g. ml/min/100 g, but is given in arbitrary perfusion units. The same
system (Perimed PeriFlux System 5000, Perimed, Stockholm, Sweden) was
used in all studies (i.e., Studies II, III, and IV). This system allows real-time
monitoring of the blood flow and the use of four LDF probes simultaneously.

Transcutaneous LDF measurements were performed in Study II using an O2C
unit (LEA Medizintechnik, Giessen, Germany). This device allows non-invasive
measurements of blood flow. Flat probes (LF-2, LEA Medizintechnik, Giessen,
Germany) were placed on the skin surface and fixed with transparent adhesive
film. The fundamental principle is essentially the same in both transcutaneous
and invasive LDF (i.e., detecting a Doppler shift). The experimental setup is
shown in Figure 17.
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Figure 17. Photograph showing the setup used to measure transcutaneous blood flow in Study
II.

Limitations of LDF

Although LDF is widely used to measure blood flow, its use has been criticized
(133), as it is sensitive to all kinds of tissue movement. It is therefore vital to
ensure that the LDF probes are properly anchored in the tissue, and to reduce
involuntary movements. Furthermore, LDF uses a small sampling volume
(about 1 mm?®) (134), which means that the technique only provides
information on the blood flow in a very small region surrounding the probe.
Thus, the blood flow in the surrounding tissue may be higher or lower than
that in the volume being investigated due to variations in vascular density. It is
therefore important to use more than one probe, and to supervise the real-time
readings of the probes, to avoid non-physiological values. Where possible, it is
also important to include other techniques for measuring blood flow, to
confirm the LDF values. This was done in Study II, where both LDF and
thermodiffusion were used to measure perfusion. Similar results were obtained
with both techniques, which indicates that LDF can be used to measure the
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blood flow in this setting. Good correlation has also been reported between
these two techniques in a previous study (135).

Thermodiffusion

A third method of measuring blood flow, thermodiffusion, was investigated in
Study II. Blood flow was measured using a Bowman Perfusion Monitor
(Hemedex, Cambridge, MA, USA). Thermodiffusion is an invasive technique
that entails the insertion of a probe into the tissue. A thermal transducer, called
a thermistor, is mounted at the tip of the probe. The temperature of the
transducer is 2 °C higher than the temperature of the surrounding tissue, and
the thermistor consequently emits heat to the surrounding tissue. The power
dissipated in the thermistor provides a measure of the ability of the tissue to
remove 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, temporal changes in baseline tissue temperature.

Blood flow is expressed as ml/100 mg tissue/min in a small focal volume of
tissue surrounding the distal tip of the probe.

Figure 18. Two thermal diffusion probes were inserted into the muscle tissue, 0.5 and 2.5 cm
from the wound edge (Study II).
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In Study IT a 19G QFlow 500 Thermal Diffusion Probe (Hemedex) was used.
Probes were inserted using a 16G Secalon-T™ central venous catheter (BD
Medical Surgical Systems, Stockholm, Sweden).

Limitations of thermodiffusion

The most evident drawback of the thermodiffusion technique is that, as in the
case of LDF, the sampling volume is very small. However, when measuring
microvascular blood flow, as was the case in Study II, this should not be a
serious problem. Furthermore, the technique cannot be used if the animal or
subject has a fever. This, however, was not a problem during Study II. The
accuracy of the method can also be compromised if the thermodiffusion probe

is placed near a large blood vessel (136). Once again, this was not a problem in
Study II.

Wound edge microvascular blood flow

In Study II wound edge microvascular blood flow was measured using three
different techniques: transcutaneous LDF, invasive LDF and thermodiffusion.
Blood flow was measured at distances of 0.5, 1.0 (only LDF), and 2.5 cm from
the wound edge. Probes were inserted to a depth of 2 cm in the muscle tissue
for invasive LDF and thermodiffusion measurements. Transcutaneous LDF
probes were placed on intact skin at the same distances from the wound edge.
Blood flow was recorded before and after NPWT at different pressure levels
(-20, -40, -80 and -125 mmHg).



Vacuum suction

Figure 19. Probe positions for the measurement of microvascular blood flow 0.5, 1.0, and 2.5
cm from the wound edge in Study II.

Blood flow in the femoral artery

Study III was designed to investigate blood flow in a large peripheral artery, in
this case, the femoral artery, during NPWT. The blood flow was recorded with
invasive LDF, using Perimed probe 457 inserted through a small wound 2 cm
distal to the groin wound, as shown in Figure 20.

Vacuum source

Pressure probe LDF probe

Foam

Disc

Intact tissue

( Femoral artery (direction of blood flow =)

Figure 20: Experimental setup in Study III. Pressure probes were placed on top of the femoral
artery to measure periarterial pressure. An LDF probe was placed 2 cm distal to the groin wound
through a small incision wound.
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Microvascular blood flow in the wound bed

In Study IV, microvascular wound bed blood flow was investigated during
NPWT with and without each of the five plastic discs. Blood flow in the
wound bed tissue was recorded with invasive LDF (probe 418-1) before and
after the application of NPWT at -80 mmHg. The experimental setup is shown
in Figure 21 below.

Vacuum source LDF probe

Pressure probe

|
Foun D et @

Disc

Intact tissue

NIRRT A

Figure 21. Experimental setup used in Study IV. LDF probes were inserted into muscular tissue
in the wound bed. Wound cavity pressure was also measured.

Measurement of wound fluid removal

In Study V, fluid removal from the wound cavity was investigated during
NPWT using each of the thin plastic discs described above. Physiological saline
solution (100 ml) was infused into the sealed NPWT wound using a needle
attached to a syringe. The needle was inserted through the skin, a few
centimeters away from the wound edge, and entered the wound from the side,
with the tip of the needle underneath both the NPWT dressing and the plastic
disc. Negative pressure was then applied at -80 mmHg and maintained for the
duration of the measurements. Fluid was evacuated into a canister placed on an
electronic scale. The amount of fluid evacuated by NPWT was weighed every 5
seconds for 2 minutes (1 ml of saline solution was assumed to weigh 1 g). The
same wound but with no disc served as a control.
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Figure 22. Measurement of wound fluid removal during NPWT.

Statistical analysis

Calculations and statistical analysis were performed using GraphPad 5.0
software (San Diego, CA, USA).

In Studies I, II, IV, and V, statistical analysis was performed using the Mann-
Whitney test when comparing two groups, and the Kruskal-Wallis test with
Dunn’s post-hoc test for multiple comparisons when comparing three groups or
more.

In Study III, statistical analysis was performed using Student’s t-test when
comparing two groups, and ANOVA with Dunn’s post-hoc test when com-
paring three groups or more. Grubb’s test was used to identify outliers (6
outliers were found and excluded). Since it cannot be assumed that data
obtained from experiments with only eight animals is normally distributed, in
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retrospection, it would have been more appropriate to use a method of
statistical analysis more suited for non-normally distributed data, for example,
the Mann-Whitney or the Kruskal-Wallis test.

Mean values and the standard error of the mean (SEM) were used to describe
the data in all studies. As the data in all the studies were assumed to be non-
normally distributed, in retrospection, the most correct way of presenting the
data would have been to give the median and the range. Data in newly
conducted studies are presented as the median and range (or percentiles).

Values of p < 0.05 were assumed to indicate statistically significant differences.
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Results and Discussion

Different types and sizes of wound fillers

Wound contraction

The results of Study I showed that the wound diameter decreased with
increasing negative pressure. Wound contraction was greater when using a small
foam filler than when using a large foam filler (5.8 + 0.1 cm vs. 6.2 + 0.2 cm in
diameter, at -120 mmHg, p = 0.033). When using gauze, less wound con-
traction was observed, and no difference was seen between the two sizes of
gauze filler (wound diameter 6.1 + 0.2 cm for the small gauze filler and 6.1 +
0.1 cm for the large gauze filler at -120 mmHg, p > 0.30).

A small foam filler thus resulted in greater wound contraction than a large foam
filler during NPWT, while gauze resulted in intermediate wound contraction
that was not affected by the size of the filler. A probable explanation of the
difference between foam and gauze fillers is that foam is a more porous
material, allowing greater volume reduction than gauze.
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Figure 23. Wound diameter (mean values and SEM) during NPWT at -120 mmHg for foam
and gauze wound fillers of different sizes (small and large).

It has been shown that mechanical wound contraction often causes pain to the
patient (137). In the present study, high levels of negative pressure caused
greater wound contraction, as did the small foam filler, while the large foam
filler and gauze caused less wound contraction. It is therefore possible that
patient pain could be reduced by using a larger foam filler or gauze, or by
reducing the level of negative pressure.

Previous studies have shown that granulation tissue formation is enhanced in
wounds subjected to greater wound contraction (138-140). Providing that the
patient does not find the treatment painful, a small foam wound filler may

therefore be suitable if the aim is to maximize granulation tissue formation.
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Wound cavity and wound edge tissue pressure

Pressure transmission to the wound cavity was equally good with foam and
gauze, for both sizes tested. For example, at an applied pressure of -120 mmHg,
the pressure recorded when using the small foam filler was -105 + 2 mmHg,
compared to -103 + 2 mmHg when using the large foam filler (» > 0.30).
Wound cavity pressure did not reach the pressure set on the vacuum pump,
probably due to some loss of negative pressure over the tube.
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Figure 24. Wound cavity pressure (mean values + SEM) directly under the wound filler for
both sizes of foam and gauze, during NPWT as a function of the vacuum pump pressure. No
differences (p > 0.30) were seen between the different wound fillers.

Tissue pressure 0.1 cm from the wound edge decreased during NPWT (e.g. -35
+ 18 mmHg, at -120 mmHg, using the small gauze filler). The reduction in
tissue pressure was not affected by the size of wound filler (e.g. -26 + 14 mmHg
for small foam and -37 + 16 mmHg for large foam, at -120 mmHg, p > 0.30).
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Tissue pressure 1.0 cm and 2.0 cm from the wound edge, was not affected by

NPWT.
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Figure 25. Tissue pressure (mean values and SEM) 0.1 cm from the wound edge, for both sizes
of foam during NPWT at -120 mmHg, p > 0.30.

These findings are in line with those from a previous study on mice (141), and
suggest that NPWT produces a hypobaric environment extending not only to
the wound cavity but also to the superficial wound edge tissue. The
subatmospheric tissue pressure, and the resulting pressure gradient over the
wound edge may initiate the transport of interstitial fluid, reducing edema and
facilitating the diffusion of oxygen and nutrients.

The tissue pressure 0.5 cm from the wound edge increased during NPWT (e.g.
7 + 1 mmHg, at NPWT at -80 mmHg, using the small foam filler). Similar
results have been reported by Kairinos et al. (142, 143), who found increased
pressure in processed meat 1.0 cm from the wound edge, but not further away
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(143). The pressure was higher with the small foam filler (9 + 1 mmHg) than
with the large foam filler (6 + 1 mmHg) at -120 mmHg (p = 0.034).
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Figure 26. Tissue pressure (mean values and SEM) 0.5 cm from the wound edge, for both sizes
of foam during NPWT at -40, -80, and -120 mmHg,.

The mechanisms causing the tissue pressure to increase 0.5 cm from the wound
edge are not fully understood. It may be that the negative pressure causes the
wound to contract, resulting in compression of the wound edge tissue, which
would in turn cause increased pressure in the tissue around the edge of the
wound.

Study I revealed a difference in tissue pressure 0.5 cm from the wound edge
when comparing small and large foam fillers, being higher for the small foam
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filler. One reason for this could be that the small foam filler allowed greater
contraction and thus a smaller wound diameter than the large foam filler. The
adjacent tissue would therefore be subject to greater compression, causing
higher tissue pressure. In contrast, the large foam filler, which poses a greater
resistance to the wound edge wall, will result in less compression of the adjacent
tissue, and therefore a lower pressure on the tissue.

In summary, Study I showed that NPWT causes wound contraction and
changes in wound edge tissue pressure. In the wound cavity and in close
proximity to the wound edge, i.e., 0.1 cm from the wound edge, tissue pressure
decreased (i.e., subatmospheric pressure arose) during NPWT, whereas the
tissue pressure 0.5 cm from the wound edge was seen to increase (i.e., positive
pressure arose) during NPWT. Tissue pressure 1.0 cm and 2.0 cm from the
wound edge was not affected by NPWT treatment.

Favorable effects may result from wound contraction and an increase in tissue
pressure during NPWT. Previous studies have shown that wound contraction
leads to mechanical stress around the wound edge, stimulating the expression of
growth factors (e.g. VEGF and fibroblast growth factor-2), thus promoting
granulation tissue formation and angiogenesis (73-75).

In a previous study by our research group, and in Study II presented below, it
was shown that the blood flow 0.5 cm from the wound edge decreased during
NPWT (138). Similar results were seen in another study by Kairinos et al. (35).
A possible reason for this decrease in blood flow could be increased tissue
pressure, causing mechanical compression of small blood vessels, ultimately
causing a decrease in blood flow. In a previous study by Borquist et al., the
decrease in blood flow could be controlled by changing the level of negative
pressure applied (144). The choice of filler material, or the size of the filler, may
offer other means of altering wound edge perfusion, however, this must be
studied in greater detail before being implemented in clinical practice.



Microvascular blood flow & different measurement
techniques

Study II was designed to investigate the effects of NPWT on wound edge
microvascular blood flow in a porcine peripheral wound model. Circular defect
wounds, 6 cm in diameter, on the back of the pigs were studied.

The effect of NPWT on wound edge microvascular blood flow has been the
subject of much debate following reports of different results by different
research groups (29, 35-37, 67). The reason for the difference in the findings
has not yet been determined, however, one possible explanation could be that
different techniques have been used to measure the blood flow. Laser Doppler
flowmetry (LDF) has been used in most of the studies (29, 36, 67, 138, 145).
In the present study the blood flow was measured using three different
techniques: transcutaneous LDF (with a probe placed on the skin surface),
invasive LDF (with probes inserted into the wound edge tissue), and
thermodiffusion (with probes inserted into the wound edge tissue). Blood flow
was recorded before and after NPWT was applied at different levels of negative
pressure (-20, -40, -80, and -125 mmHg), and at different distances from the
wound edge (0.5, 1.0, and 2.5 cm).

Microvascular blood flow 0.5 cm from the wound edge

When using invasive LDF and thermodiffusion the blood flow was seen to
decrease 0.5 cm from the wound edge, typical values being -45 + 7% and -12 +
35% respectively, at -80 mmHg. Interestingly, at -20 mmHg, thermodiffusion
showed an increase in blood flow (10 + 18%). Transcutaneous LDF showed a
tendency towards increased blood flow at all negative pressure levels, but the
difference was small and not significant (typically 1 + 3%).

In summary, both invasive LDF and thermodiffusion showed decreased
microvascular blood flow 0.5 ¢cm from the wound edge. This is in line with our
findings in previous studies (37, 138). The believed mechanism for the decrease
in blood flow was briefly discussed on the previous page, and is thought to
include increased tissue pressure in the wound edge. When the wound
contracts, the tissue at the wound edge collapses towards the suction force and
the tissue pressure around the rim of the wound edge increases (138), leading to
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a reduction in blood flow as the blood vessels are compressed. In Study I, as
well as in an earlier study by Kairinos et al. (143) it was shown that increased
suction pressure caused gradually increased wound edge tissue pressure, which
may explain the present finding, that blood flow changes with increasing
negative pressure.

The hypoperfusion caused by NPWT may be ecither beneficial or dis-
advantageous, all depending on what type of wound one is intending to treat. It
is well recognized that reduced blood flow stimulates angiogenesis and
granulation tissue formation, which in turn facilitate the process of wound
healing (28, 146). However, in tissues with already compromised perfusion,
such as in arterial leg ulcers or in thin tissue grafts, the additional blood flow
reduction may result in tissue ischemia with risk of development of necrosis. In
clinical practice, NPWT is therefore used with great caution in tissues with
compromised vascularity (35) and there are some that advise that NPWT is
contraindicated if there is any doubt about the vascular status of the tissue (147,

148).

Microvascular blood flow 1.0 cm from the wound edge

Blood flow was measured 1.0 cm from the wound edge with invasive and
transcutaneous LDF only. Thermodiffusion was not used as it was deemed too
time-consuming to perform measurements at all three distances from the
wound edge. Invasive LDF showed increased microvascular blood flow
compared to baseline, at the lower levels of NPWT (0 to -40 mmHg) (e.g. 12 +
10% at -40 mmHg), while at higher levels of negative pressure the blood flow
decreased (e.g. -30 + 8% at -80 mmHg). Transcutaneous (non-invasive) LDF
recordings showed a trend towards increased blood flow compared to baseline,
regardless of the negative pressure applied.
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Figure 27. Blood flow as percent of baseline values (mean values and SEM) 1.0 cm from the
wound edge during NPWT at four negative pressures.

Microvascular blood flow 1.0 cm from the wound edge was found to depend
on the level of negative pressure applied. Decreased blood flow was seen at high
levels of negative pressure, whereas low pressure levels led to increased blood
flow. This may indicate a transition zone between hypoperfused tissue closer to
the wound edge and hyperperfused tissue further from the wound.

A possible explanation of the discrepancy between the transcutaneous and the
invasive LDF measurements could be that non-invasive LDF and invasive LDF
record blood flow in different types of tissue, i.e., subcutaneous tissue in the
transcutaneous technique, and muscle tissue in the invasive technique. It has
been shown in previous studies that NPWT increases tissue pressure close to the
wound edge, causing a decrease in blood flow (138, 143). As pig skin is quite
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dense, it may resist compression, thus preserving the blood flow. Muscle tissue,

however, is less dense and will be compressed to a greater extent, resulting in
decreased blood flow during NPWT.

Microvascular blood flow 2.5 cm from the wound edge

Microvascular blood flow was measured 2.5 cm from the wound edge, using all
three techniques, and was seen to increase regardless of the technique used. For
example, at -80 mmHg, invasive LDF showed an increase in perfusion of 41 +
8%. Transcutaneous LDF showed a slight, but not significant increase of 7 +
3%, and thermodiffusion an increase of 31 + 20%.

Corresponding results have been reported in previous studies, for example, by
Timmers et al. (67) using transcutaneous LDF, and by Wackenfors et al. (37)
where invasive (intramuscular) LDF was used in porcine inguinal wounds. It is
difficult to explain the mechanism behind this increase in blood flow. The
results of Study I showed that the application of NPWT to a peripheral wound
did not affect tissue pressure 1.0 cm or 2.0 cm from the wound edge. Similar
results have been reported by Kairinos et al. (143). Changes in tissue pressure
consequently cannot explain the increase in blood flow 2.5 ¢cm from the wound
edge. NPWT is known to cause wound contraction, as seen in Study I and in
previous studies (31). It may be that the contraction of the wound creates a
force on the adjacent tissue that opens up small arterioles and capillaries,
ultimately causing an increase in blood flow. Previous experimental studies have
shown that small arterioles and capillaries in the wound edge tissue are opened
up upon the application of negative pressure (38).

The enhanced tissue perfusion following NPWT may have several beneficial
effects as it helps keep the healing tissue well oxygenated. This supports the
nutrient supply and helps with the removal of waste products from the healing
wound (149). Poorly perfused tissue is also often hard to reach with antibiotics,
hence an increased blood flow may facilitate the penetration of antibiotics to
infected wounds.
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Figure 28. Blood flow as percent of baseline values (mean values and SEM) 0.5 cm and 2.5 cm
from the wound edge, during NPWT at -80 mmHg.
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Figure 29. Changes seen in blood flow during NPWT. At a pressure of -80 mmHg the blood
flow decreases 0.5 cm from the wound edge and increases 2.5 cm from the wound edge. A
transition zone seems to exist about 1.0 cm from the wound edge.

The possibility of using discs to protect exposed blood
vessels

Studies III-V were a series of experimental pilot studies in a porcine model
performed to evaluate the effects of thin plastic discs, designed with the
intention of protecting exposed blood vessels during NPWT. The main aims
were to evaluate the effects of such devices, and to verify that the protective
discs did not affect the fundamental mechanisms of NPWT. Blood flow in the
femoral artery, wound bed microvascular blood flow, periarterial pressure and
pressure transmission to the wound cavity were studied. Furthermore, wound
contraction and wound fluid removal were evaluated.
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Periarterial and wound cavity pressure

Pressure was measured under the discs in two different types of wounds (i.e.,
groin wounds exposing the femoral artery, and defect wounds on the back of
the pigs), in two different studies, with similar results.

Femoral periarterial pressure (i.e., the pressure on top of the femoral artery in
the groin of the pig) was measured in Study III (Figure 30) and wound cavity
pressure was measured in Study IV (Figure 31). The delivery of an even
pressure to the wound cavity is one of the fundamental effects of NPWT, and it
is thus important to ensure that the insertion of the plastic disc does not impair

this.
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Figure 30. Periarterial pressure (mean values and SEM) during NPWT at -80 mmHg with
different kinds of discs (Study III), p > 0.30 for all dressing-covered discs compared to control

wounds.
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The periarterial pressure recorded in Study III was similar in control wounds
(filled with foam but no disc) and in wounds in which dressing-covered discs
had been placed over the femoral artery. Typical values were -46 + 6 mmHg for
control wounds and -48 + 6 mmHg for the dressing-covered, perforated disc, at
-80 mmHg, p > 0.30.

The wound cavity pressure investigated in Study IV showed similar results to
the periarterial pressure, i.e., no significant differences in wound cavity pressure
when comparing dressing-covered discs and the control wound (filled with
foam, but no disc). Typical values at -80 mmHg were -56 + 6 mmHg in
control wounds and -55 + 6 mmHg in wounds with a dressing-covered
perforated disc, p > 0.30.
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Figure 31. Wound cavity pressure (mean values and SEM) during NPWT at -80 mmHg
(Study IV), p > 0.30 for all dressing-covered discs compared to control wounds.
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Pressure transmission to the wound cavity was similar with all the dressing-
covered discs studied. However, pressure transfer to the wound cavity was
clearly compromised (-20 + 6 mmHg when treated at -80 mmHg, p = 0.013,
Study III) when using a disc without a wound dressing beneath it (i.e., the bare
disc). The reason for this is most likely that the vacuum suction simply cannot
find its way in under the bare disc and a form of closed space is created.
Clinically, there is a considerable risk that this would lead to infection and
impaired wound healing.

The wounds and the discs studied were approximately 6 cm in diameter. It
cannot be assumed that the same results regarding pressure transmission to the
wound cavity would be obtained if a larger rigid disc had been used, as would
probably be the case in a larger wound.

Blood flow in the femoral artery

In Study III, blood flow in the femoral artery was measured in an incision
wound in the groin of the pig. NPWT caused the blood flow in the artery to
decrease. For example, when NPWT was applied at -80 mmHg, the blood flow
was 8 + 4% lower than the baseline value. When a thin plastic disc was inserted
covering the femoral artery the blood flow was restored.

Hypoperfusion upon negative pressure application has been seen in previous
studies (35-37, 138, 146), however the underlying mechanisms are not known.
A possible explanation, however, may be that the vacuum pressure compresses
the superficial tissue exposed in the wound. This may in turn lead to the
constriction of the vasculature, either the microvasculature (35-37, 138, 146) or
a larger artery (as in Study III). Compression of a large blood vessel may impair
the blood flow to the blood vessel wall itself, via the vasa vasorum, causing local
ischemia and tissue damage (i.e., damage to the blood vessel wall). It may also
impair the blood flow to more distal tissues that are supplied by the artery. It
may be speculated that the complications reported during NPWT (e.g. the
rupturing of blood vessels and vascular grafts) (116) are caused by both hypo-
perfusion of the blood vessel wall (leading to ischemia and ultimately necrosis),
and by tearing forces exerted by the vacuum pressure. Furthermore, anasto-
moses are known to be particularly sensitive to hypoperfusion, which may
explain why treating these kinds of structures with NPWT may be especially

problematic.
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After recording the blood flow with no disc present, the femoral artery was
covered with thin plastic discs of different designs and the blood flow was once
again measured. After inserting the thin plastic disc, the blood flow increased as
NPWT was applied (e.g. 8 + 4% at -80 mmHg for a dressing-covered,
perforated disc, p = 0.025). All discs had similar effects on blood flow (p >
0.30).
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Figure 32. Changes in femoral artery blood flow studied in a 6 cm incision wound in the groin
of the pig (mean values and SEM) as percent of baseline values, during NPWT at -80 mmHg
(Study IV).

In Study III the effect of NPWT on a large artery (i.e., the femoral artery) was
investigated. When the wound bed with the exposed artery was subjected to
vacuum pressure, the blood flow in the artery decreased. When a thin disc was
inserted between the wound bed and the foam filler the blood flow was
restored. We have previously studied blood flow through large arteries and
found that the blood flow through the mammary artery was not affected when
NPWT was applied to a sternotomy wound (150). The results found in Study
II thus differ from our earlier studies and the reason for discrepancy may very
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well be that the mammary artery is imbedded in tissue and located more than 3
cm away from the wound subjected to negative pressure therapy. The femoral
artery in Study III, on the other hand, was in immediate contact with the
negative pressure. The results of Study I indicate that the compressive forces
exerted by NPWT extend less than 1 cm into the wound bed tissue. From a
clinical point of view, this means that delicate structures such as blood vessels
probably only require protection during NPWT when they are directly exposed
to NPWT, or located in close proximity to the wound bed. Thus, protective
discs may not be needed in all wounds, and their use should be weighed against
the positive effects of NPWT in accelerating wound healing. A plastic disc
inserted between the wound filler and the wound bed may very well impair the
microdeformative effects of NPWT on the wound bed, which in turn may slow
down the formation of granulation tissue. The impact of a plastic disc on
wound healing has not yet been studied, and it is anticipated that such a study
would provide valuable information.

Microvascular blood flow in the wound bed

NPWT causes changes in microvascular perfusion. Areas of both hyper- and
hypoperfusion were reported in Study II. It has long been debated whether the
hypoperfusion seen during NPWT is favorable or not (35-37, 142, 143). It
may be speculated that a decrease in blood flow triggers the release of wound-
healing factors stimulating angiogenesis and granulation tissue formation. Also,
compression of the wound edge wall may tamponade superficial postoperative
bleeding (151). On the other hand, hypoperfusion may cause critical ischemia
in poorly vascularized tissue, for example, in superficial skin flaps or diabetes
wounds. Likewise, in wounds with exposed delicate structures such as blood
vessels, hypoperfusion may cause ischemia and necrosis followed by rupture of
the blood vessel wall.

In Study IV, wound bed microvascular blood flow was studied in a defect
wound, 6 cm in diameter, on the back of the pig. When NPWT was applied at
-80 mmHg, blood flow in the wound bed decreased by 49 + 7% in control
wounds. When a disc was inserted, the decrease in blood flow was less
pronounced; for example, blood flow decreased by only 6 + 5% when using a
perforated disc (with underlying dressing), (p = 0.006 compared to control).
The presence of the various dressing-covered discs (perforated and non-
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perforated discs with and without channels) resulted in similar reductions in
blood flow (p > 0.30). Three out of the five discs showed a significant difference
compared to control wounds without discs. The results are presented in Figure

33.
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Figure 33. Changes in wound bed microvascular blood flow in a 6 cm defect wound on the
back of the pig (mean values and SEM) as percent of baseline values, during NPWT at -80
mmHg (Study IV).

Three of the five discs provided alleviation of hypoperfusion, compared to the
control wounds, while the other two discs only showed a tendency towards
alleviation, compared to the control wounds. The underlying mechanisms for
this difference cannot be concluded from Study IV. However, the difference
may be due to the small number of measurements, and a larger sample size may

shed light on this.
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It is known that NPWT causes contraction and mechanical deformation of the
wound bed tissue (31, 139). The mechanical tension on the wound bed may
tear and damage exposed sensitive structures such as blood vessels. Study IV
showed that the reduction in blood flow was less prominent in the presence of a
protective plastic disc. This may be the result of the disc ameliorating the
mechanical shearing forces exerted on the wound bed. The protective properties
of these plastic discs must be studied further, but it may be speculated that they
can protect sensitive structures such as blood vessels by reducing the mechanical
forces exercised on an exposed blood vessel during NPWT. It must be borne in
mind that the purely protective properties of these thin plastic discs were not
investigated in Study IV.

Wound contraction

Study V was designed to investigate whether the use of a thin plastic disc
impaired wound contraction or fluid evacuation during NPWT. Defect
wounds, 10 cm in diameter, on the back of the pigs were studied. The wound
diameter was measured in two orthogonal directions with a Vernier caliper, and
the mean value was calculated. NPWT at-80 mmHg was applied. The degree of
wound contraction was similar in control wounds and in wounds with a disc.
For example, the wound diameter decreased to 91 + 1% of the initial size when
negative pressure was applied using only foam (control) and to 92 + 1% in the
presence of a disc (i.e., a dressing-covered, perforated disc). No statistical
differences were seen between the various discs tested and the control wounds.
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Figure 34. Wound diameter (mean values and SEM) as percent of the initial diameter, in a 10
cm defect wound on the back of the pig (mean values and SEM), during NPWT at -80 mmHg
(Study V), p > 0.30.

In summary, the presence of a plastic disc did not impair wound contraction
during NPWT. These findings are important since wound contraction is a key
effect of NPWT (72), causing shearing forces that affect the cytoskeleton of the
wound tissue cells (33). The exact mechanisms following this are not clear, but
it is known that growth factor pathways are stimulated, that result in mitosis
(152, 153) and production of new tissue (30). Wound contraction following
NPWT is also essential in the management of open-abdomen wounds
following, for example, trauma and abdominal infection (154), where it creates
an opportunity for wound closure.

In Study V the changes in wound contraction were presented as percent of the
initial wound surface area. The power of a statistical calculation based on a
difference in wound surface area has been questioned. In this thesis, the results

58



are therefore presented as percent of the initial wound diameter. The results and
the statistics in the original article (Study V) and in the present thesis are similar
and the same conclusion can therefore be drawn.

Fluid evacuation from the wound cavity

In addition to examining wound contraction, the aim of Study V was also to
evaluate fluid evacuation in the presence of a disc. Defect wounds, 10 cm in
diameter, on the back of the pig were studied. The amount of fluid removed
increased steadily during the first 30 seconds, and then levelled off. No
differences were seen in the rate of wound fluid removal, or in the total volume
of wound fluid removed, when comparing control wounds to wounds prepared
with thin discs. For example, 73 + 3 ml had been removed after 2 min of
treatment when using only foam (control) and 71 + 4 ml had been removed in
the presence of a dressing-covered perforated disc.
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Figure 35. Wound fluid evacuation (mean values and SEM) during NPWT at -80 mmHg as a
function of time (Study V).

The results showed that the presence of a thin plastic disc during NPWT did
not impair wound fluid evacuation, which is important, since wound fluid
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removal is thought to be one of the central features of NPWT, leading to
enhanced wound healing. The importance of wound fluid removal has been
pointed out in previous studies (28-30). Chronic wound fluid has been shown
to inhibit cell proliferation (155, 156), and chronic inflammation is linked to a
negative cycle in which inflammatory cells secrete cytokines, which in turn
attract more inflammatory cells (19). At a molecular level, this causes an
imbalance between the amount of proteases (e.g. MMP-3, MMP-9), protease
inhibitors (e.g. TIMP-1), and pro-inflammatory cytokines (e.g. TNF-a, IL-1p)
(157-159). Stagnant wound fluid also increases the risk of abscesses.

Only short-term effects on wound fluid evacuation during NPWT were
investigated. In such a wound model, the wound fluid has low viscosity and is
easily removed by suction. Chronic wounds may be more prone to wound fluid
stagnation since the wound fluid often becomes more viscous with time as the
amount of fibrin increases and as platelets aggregate. Long-term studies into
this are needed to investigate the effects of a protective disc on wound fluid
removal in a chronic wound setting.

In summary, these first studies show no negative side effects when inserting a
plastic disc into the wound during NPWT; pressure transmission was equally
good with and without a disc, as were wound contraction and wound fluid
removal. Femoral artery blood flow decreased when NPWT was applied, but
was restored when a disc was inserted. Likewise, microvascular blood flow in
the wound bed tissue decreased when NPWT was applied, but the reduction
was less pronounced when a disc was inserted. However, the long-term
protective properties of a plastic disc have not been studied, and neither has the
effect of such a disc on long-term wound healing. These crucial issues must be
studied further.

Reflections on the design of the discs

Discs of five different designs were evaluated in Studies III, IV, and V. With
one exception, the undersides of the discs were covered with a thin layer of
foam. Two of the discs had perforations. The reason for adding a thin layer of
open-pore foam underneath the discs was that we believed that this would
facilitate negative pressure transmission to the wound bed and the removal of
wound fluid from beneath the disc. It was also hypothesized that providing the
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discs with perforations might further promote pressure transmission and wound
fluid removal.

These hypotheses were partly confirmed. Pressure transfer to the wound cavity
was actually impaired when using a bare disc (i.e., without an underlying foam-
dressing) (Studies III, and IV). Interestingly, the pressure in the wound cavity
was of a similar magnitude regardless of whether the disc was perforated or not,
suggesting that pressure transmission occurs in the dressing that covers the disc,
as well as through the perforations of the disc. However, as Studies III, IV, and
V were designed to evaluate the short-term effects of the plastic discs, it cannot
be deduced whether the presence of a disc limits long-term wound healing. It is
of great importance that pressure is mediated to the underside of the disc and
distributed evenly over the whole wound cavity in order to facilitate wound
fluid drainage, and to prevent the formation of dead space. Dead space may
allow infection, resulting in the formation of abscesses and fistulae.

Interestingly, wound fluid removal did not differ when comparing a disc with a
thin layer of foam underneath, to a disc without foam (Study V). Neither did
the presence of perforations in the discs have any effect on wound fluid
removal. This suggests that lateral fluid displacement takes place beneath the
discs. However, the wounds were only 10 cm in diameter, and only the short-
term effects were evaluated in these studies. It cannot, therefore, be deduced
that the same results regarding pressure transmission to the wound bed and
wound fluid evacuation would have been seen if the wounds had been larger,
and larger discs had been used. Furthermore, long-term fluid evacuation and
pressure transmission to the wound cavity were not examined. It may be that, as
the size of the disc or the wound increases, perforations in the discs would
become more important for adequate fluid removal, to minimize the risk of
fluid stagnation beneath the discs. Non-perforated discs were included in these
studies for scientific reasons only. For the reasons stated above, it is likely that
only perforated discs will be used clinically in the future. Wound fluid
stagnation may arise in the long-term clinical situation for several reasons, e.g.
increased viscosity with time, coagulated blood, and the formation of
adherences that hinder wound fluid removal. The removal of wound debris and
exudate is of great importance, both in an infected wound and when there is a
risk of an encapsulated infection.

Study V also showed that the presence of a protective disc did not impair
wound contraction. The discs used were of the same size as the wound.
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However, in a clinical situation it might suffice to place a disc only over
structures needing protection. The effect of smaller discs has not been studied.
It is likely that mechanical deformation of the wound bed will take place
outside the area of the plastic disc, whereas the mechanical effect on wound bed
that is covered by the disc will not be of the same magnitude. It is important to
maintain the largest possible micro- and macrodeformation in order not to

reduce the beneficial effects of NPWT.

NPWT is an excellent treatment option for certain complex wounds. However,
treatment related side effects might put patients at substantial risk. This may in
severe cases lead to serious harm and even death. In the challenge to try to find
a solution to reduce these negative side effects we set out to develop a protective
device used in conjunction with NPWT. However, when intro-ducing a device
in conjunction with an established method, for example NPWT, one has to
make sure that the positive effects of the treatment remains and that the
negative side effects are reduced. One also has to make sure that no new
unforeseen side effects arise. Hence, before introducing a novel device into
clinical practice, to improve an already existing therapy, substantial preclinical
studies on animals have to be done. In this thesis we have tried to answer some
of those questions but many questions do remain and we believe further re-
search in this field is required.
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Conclusions

Different types and sizes of wound fillers

NPWT created a hypobaric environment in the superficial wound edge tissue
(0.1 cm from the wound edge), which may trigger the transport of interstitial
fluid, helping the diffusion of oxygen and nutrients to the healing tissue.
Further away from the wound edge (i.e., 0.5 cm from the wound edge) the
pressure increased, an effect that may be the result of wound contraction and
the resulting deformation of the wound edge during NPWT.

The use of a small foam wound filler caused considerable wound contraction,
which may be beneficial when maximal mechanical stress and granulation tissue
formation are desirable. In contrast, gauze or a large foam filler caused less
wound contraction, which may be more suitable when NPWT causes
discomfort to the patient.

It has been shown in the present work, and by others that NPWT elicits
hypoperfusion in the wound edge tissue. This is presumably the result of the
increased pressure on the tissue caused by NPWT. It is well known that these
effects can be controlled by changing the level of negative pressure applied.
Choosing the appropriate wound filler size and material may be another way of
controlling wound edge tissue perfusion. Hypoperfusion may be beneficial in
that it stimulates angiogenesis, needed for wound healing. However, in wounds
with compromised perfusion there may be a risk of ischemia. Adjusting the
therapy by decreasing the level of negative pressure or changing the type or size
of the wound filler may be necessary. This must however be studied in greater
detail before being implemented in clinical practice.
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Microvascular blood flow & different measurement
techniques

The effect of NPWT on microvascular blood flow in the wound edge tissue has
been the subject of considerable debate. Different measurement techniques,
including transcutaneous LDF, invasive LDF and thermodiffusion were used in
this work in order to determine whether they detect different results. It was
found that the blood flow decreased 0.5 ¢cm from the wound edge during
NPWT, when measured with the invasive techniques. This may be the result of
the increased wound edge tissue pressure caused by NPWT. Further from the
wound edge (i.e. 1.0 cm from the wound edge) blood flow was dependent on
the level of negative pressure applied, i.e. a transition zone was seen. When
using low pressure levels blood flow increased, while higher levels of negative
pressure caused the blood flow to decrease. Microvascular blood flow increased
2.5 cm from the wound edge, regardless of the technique used. NPWT creates a
pulling force on the tissue that may open up vascular beds and increase blood
flow. The combination of hypo- and hyperperfusion stimulated by NPWT may
be beneficial as hyperperfusion enhances oxygen and nutrient levels, while
hypoperfusion stimulates angiogenesis. However, in a wound that is poorly
vascularized there may be a risk of ischemia (as discussed earlier).

The possibility of using discs to protect exposed blood

vessels

NPWT of wounds with exposed sensitive structures such as blood vessels, has
caused serious complications and deaths during recent years. According to the
FDA, bleeding from exposed blood vessels is the most serious adverse event
during NPWT. In this work the possibility of using thin plastic discs to protect
exposed blood vessels in the wound bed during NPWT was explored;
specifically the effects on femoral artery blood flow and microvascular wound
bed tissue blood flow, femoral periarterial pressure, pressure transmission to the
wound cavity, wound contraction, and wound fluid removal.

Discs of different designs were placed on the wound bed underneath the foam,
and the wound was treated with NPWT. Femoral artery blood flow decreased
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when NPWT was applied, but was restored when a disc was inserted. Likewise,
microvascular blood flow in the wound bed tissue decreased when NPWT was
applied, but the reduction was less pronounced when a disc was inserted. The
key mechanisms of NPWT; i.e. pressure transmission to the wound cavity,
wound contraction, and wound fluid removal, were not impaired by the discs.
It should be noted that the protective qualities of the plastic discs were not
evaluated in this work. Neither have the long-term effects of discs on wound
healing been studied. These issues should be studied in an animal model before
human studies can be performed. However, we believe that the work presented
in this thesis constitutes an important step towards a possible solution to the

clinical problem of perforated blood vessels and bleeding during NPWT.

It is our hope that NPWT can be developed to become a safe therapy, with few
complications. We believe that the therapy may be individualized in order to
maximize the speed and quality of healing, while affording the patient greater
comfort. The work described in this thesis is an attempt to explore some of
these issues in an experimental wound model, in order to provide the basis for
future development.

65



66



Future research

The results of Study I showed that NPWT could be affected by varying the
type and size of wound filler; foam lead to greater wound contraction than
gauze. However, these studies were carried out on animals, and human studies
are required to substantiate these findings before clinical recommendations can
be made. For example, a randomized control trial examining outcomes such as
patient pain and time to full healing, with two arms, gauze treatment in one
and foam treatment in the other, would be particularly interesting.

Study II showed that the blood flow decreased 0.5 cm from the wound edge, but
increased 2.5 cm from the wound edge. This is in line with previous studies by
our group. Since the publication of Study II further studies on wound edge
perfusion have been published. Kairinos et al. found no evidence of increased
blood flow 2.5 ¢cm from the wound edge during NPWT (160), however, their
study was based on measurements on intact skin, and not wounds.
Furthermore, LDF has been criticized as a method of measuring blood flow
during NPWT (133). In Study II, we used not only LDF but also
thermodiffusion to measure blood flow, and the two techniques showed similar
results. This strengthens our belief that LDF is a useful and reliable technique
when evaluating blood flow during NPWT. Further studies using thermo-
diffusion to evaluate wound edge perfusion would, however, be very valuable.

Additionally, novel techniques are emerging for measurements of tissue
perfusion, for example, photoacoustic imaging (PAI). This method entails the
use of both lasers and ultrasound, and has been suggested to be a very
promising instrument for measuring, among other things, perfusion (161). It
has already been used to measure heart blood flow in zebrafish (162). PAI relies
on the photoacoustic effect, first described by Graham Bell in the late 1800s.
Emitted laser light is used to illuminate a sample. The absorbed light heats the
sample, which causes thermal expansion and ultimately acoustic waves, which
can be registered with ultrasound and converted into images, or used to
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measure blood flow (163). PAI could thus provide another method of
measuring blood flow during NPWT, in addition to thermodiffusion and LDF.

The results of Studies II1I-V suggest that a thin disc placed over the wound bed
could be beneficial in protecting vital structures such as blood vessels from
damage or rupture during NPWT. However, no long-term studies were carried
out on wound healing or the actual protective effect of these discs. The next
step is to investigate these matters further in animal models, for example, by
studying the production of granulation tissue and the frequency of wound
infections in the presence of a thin protective disc compared to control wounds
and, of course, whether the disc can prevent the rupture of blood vessels. If such
studies were to show good results, randomized, controlled studies could be
performed in a human model to investigate whether the disc can protect blood
vessels against complications such as perforation followed by severe bleeding.
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Populirvetenskaplig
sammanfattning

Popular scientific summary in Swedish

Undertrycksbehandling av sar, pad engelska negative pressure wound therapy
(forkortat NPWT) ir en teknik som anvinds vid behandling av svérlikta akuta
och kroniska sar. Med hjilp av NPWT liker vissa typer av sir mycket snabbare
in vid traditionell sirbehandling. I bildtexten pd nista sida ges en kort
beskrivning av hur metoden fungerar. Tekniken utvecklades i slutet av 1990-
talet och har sedan dess blivit mycket populidr. NPWT bygger pa att man via en
vakuumpump skapar ett undertryck i sirhalan, som leder till en mingd vidare
effekter, t.ex. dras siret samman, vilket skapar mekaniska drag- och tryck-
effekter som aktiverar flera steg i sirlikningsprocessen. Dirtill transporterar
NPWT bort 6verflodig sirvitska (som visat sig innehalla substanser som
himmar sirlikning) samt genererar forindringar i blodcirkulationen till
saromrddet, som man bland annat tror gynnar nybildningen av blodkirl. Trots
att metoden anvinds flitigt har man inte helt klarlagt vad som hinder i saret vid
NPWT. Till exempel finns oenighet kring om blodflodet i siromradet 6kar eller
minskar. Denna avhandling baseras pa fem studier, som presenteras nedan.

Syftet med Studie I och II var att kartligga vad som sker i siret och dess
omgivande vivnad vid NPWT. Blodflode, tryckférindringar och sirets kon-
traktion undersoktes. Vidare studerades om olika storlek och material pa
sarfyllaren ger olika effekter pd sarkontraktion och undertryck i saret.
Férhoppningsvis kommer man i framtiden kunna individualisera behandlings-
tekniken for att passa patienter med olika typer av sar.

Studie I visade att NPWT gav upphov till et kraftigt undertryck i sarhilan,
som till viss del fortleddes 4ven 1 mm ut i vivnaden. P4 5 mm:s avstind fran
sarets kant finns inte lingre nigot undertryck, utan istillet ett positivt vivnads-
tryck. Pa 10 och 20 mm avstand paverkades inte trycket av NPWT. Vidare sags
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att en liten mingd sarfyllnadsmaterial av skum gav storre sirkontraktion 4n en
stor miangd. Vid anvindning av gasviv som sarfyllnadsmaterial sigs mattlig sir-
kontraktion. Vissa patienter méste avbryta NPWT pd grund av att behand-
lingen gor for ont. En mdijlig orsak kan vara att sirkontraktionen blivit for
kraftig. Skulle smirta uppstd kan man 6verviga att byta sarfyllnadsmaterial till
gasviv, som ju endast gav en mattlig kontraktion av siret, jimf6ért med svamp.

I Studie II sdgs att blodflddet vid NPWT minskade 5 mm frin sirhdlans kant,
medan det pid 25 mm:s avstind faktiskt 6kade. Ett minskat blodfléde tror man
okar nybildningen av blodkirl vilket underldttar sirlikning. Ett 6kat blodflode
ar ocksd gynnsamt, di detta ger forbdttrad syresittning i siret, samt okar
inflodet av niringsimnen.

Vakuumpump

Slang for vitskedrinage

Plastfilm

Sarfyllare

P4 den hogra bilden ses hud i genomskirning med sir centralt. Saret ar fyllt med s.k.
sarfyllnadsmaterial, antingen svamp eller gasviv (i detta fall gasviv), for act underlitta
fortledningen av undertrycket till hela sarbotten. Ovanpé gasviven ligger en tunn slang, kopplad
till en vakuumpump (vinster). Via slangen skapas ett sugtryck (undertryck) i sret. Saret ir ticke
med en tunn sjilvhiftande plastfilm f6r att undertrycket ska behéllas i saret. Plastfilmen
motverkar ocksa bakteriedverforing fran intilliggande vidvnad och skapar en lagom fuktig miljo
vilket underlattar sarlikning. Via slangen leds éverbliven sarvitska frin sarhilan till en
uppsamlande behallare. P4 pumpen kan man stilla in énskat undertryck. Normalt sett brukar
man anvinda -80 mmHg dll -120 mmHg sugtryck.

I borjan av 2000-talet borjade rapporter om biverkningar frin NPWT komma.
2011 presenterade Food and Drug Administration (Likemedelsverkets
amerikanska motsvarighet) en rapport dir man beskrev 12 dodsfall och 174

skador till foljd av NPWT, bara under 4 ar och endast i USA. Bland annat har
man sett att hjirtats hogerkammare kan spricka med omedelbar déd som foljd
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vid undertrycksbehandling av infektioner brostben efter oppen hjdrtkirurgi.
Utdver detta har man ocksi sett allvarliga blédningar vid behandling av sir dir
stora blodkirl ligger exponerade i sirbotten. Trots dessa risker fortsitter man
behandla denna typ av sir pi grund av i 6vrigt mycket goda behand-
lingsresultat, avsaknad av alternativa behandlingsstrategier och till viss del

okunskap om effekterna av NPWT.

Var forskningsgrupp var 2009 forst i virlden med att visa varfor hjirtat riskerar
att spricka vid NPWT av infekterade brostbenssar efter 6ppen hjirtkirurgi.
Genom f6rsék pa sovda grisar sdg vi hur hjirtat ségs upp mot brostbenets
underdel och skavde mot de vassa kanter som bildats efter kirurgi. Vi forsokte
skydda hjirtat genom att ligga gasviv mellan hjirtat och bréstbenet, dock utan
resultat. Nir vi istillet placerade en tunn platta som skydd sig vi ddremot att
hjdrtat inte lingre tog skada. Denna skyddande platta har i senare studier visat
sig forhindra skador pa hjirtat. Nir vi sdg hur hjirtat kunde skyddas av en tunn
plastplatta fick vi idén att forsoka ta fram en platta f6r skydd av exponerade

blodkirl.

I Studie III, IV och V undersoktes mojligheten att, vid NPWT, skydda blodkirl
som ligger exponerade i sirbotten, genom att ticka dessa med en skyddande
platta. Fem olika tunna plastplattor togs fram och undersoktes i studierna. Var
hypotes var att dessa kunde motverka bristning och blédning i exponerade
blodkirl i sir som behandlas med NPWT. Ett exempel pa sir med utsatta kirl
ar ljumsksdr, dir larbensartiren ligger mycket ytligt. Specifikt studerades
effekten pa blodflode genom ett stort kirl (den ytliga lirbensartiren) och i sma
kirl i omgivande vivnad, samt hur undertrycket fortplantade sig till sirhalan.
Vidare studerades evakuering av sdrvitska fran sarhalan samt sirets kontraktion.

Vi sig att blodflodet i den ytliga lirbensartiren minskade under NPWT av ett
sar i ljumsken pd grisen. Nir en tickande platta placerades ovan artiren
aterstilldes blodflodet. Samma effekt sag vi pa blodflédet i sarbotten; blodflédet
minskade vid undertrycksbehandling, men nir vi placerade en tickande platta i
saret si aterstilldes blodflodet delvis. Vi kunde ocksd sikerstilla att de grund-
liggande effekterna av NPWT inte forsvagades vid anvindning av plattorna;
undertrycket fortplantade sig till sirhalan, sirvitskan sogs bort fran siret och
saret drog ihop sig.
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ABSTRACT

Negative pressure wound therapy (NPWT) contracts the wound and alters the pressure in the tissue of the wound
edge, which accelerates wound healing. The aim of this study was to examine the effect of the type (foam or
gauze) and size (small or large) of wound filler for NPWT on wound contraction and tissue pressure. Negative
pressures between —20 and —160 mmHg were applied to a peripheral porcine wound (n = 8). The pressure in
the wound edge tissue was measured at distances of 0-1, 0-5, 10 and 2-0 cm from the wound edge and the
wound diameter was determined. At 0-1 cm from the wound edge, the tissue pressure decreased when NPWT
was applied, whereas at 0-5 cm it increased. Tissue pressure was not affected at 1-0 or 2-0 cm from the wound
edge. The tissue pressure, at 0-5 cm from the wound edge, was greater when using a small foam than when using
than a large foam. Wound contraction was greater when using a small foam than when using a large foam during
NPWT. Gauze resulted in an intermediate wound contraction that was not affected by the size of the gauze filler.
The use of a small foam to fill the wound causes considerable wound contraction and may thus be used when
maximal mechanical stress and granulation tissue formation are desirable. Gauze or large amounts of foam result
in less wound contraction which may be beneficial, for example when NPWT causes pain to the patient.
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Wound contraction and pressure during NPWT

INTRODUCTION

Negative pressure wound therapy (NPWT) has
remarkable effects on the healing of chronic and
difficult wounds (1,2). The technique entails
the application of negative pressure to a sealed,
airtight wound. One of the fundamental effects
of negative pressure on the wound bed is
believed to be the induction of mechanical
deformation of the tissue (3,4) as the wound
contracts when negative pressureisapplied (3).
During this contraction, the wound edge tissue
is drawn towards the vacuum, resulting in
tissue compression and increased pressure on
the wound edge (5,6). In a previous study,
using processed meat, it was shown that
the tissue pressure increased 1cm from the
vacuum source, while at deeper locations, it
was not affected (5). These findings were later
verified in human subjects (7).

Compression of superficial tissue and an
increase in tissue pressure have been sug-
gested to decrease blood perfusion in the
wound edge (8-10). Decreased blood flow may
be one of the beneficial effects of NPWT,
as factors released in response to hypoper-
fusion are strong stimulators of angiogenesis
and granulation tissue formation. Another ben-
eficial effect of the pressure on the wound
wall may be to tamponade superficial bleeding
during surgical procedures (11). However, in
poorly vascularised tissue, there may be risk
of ischaemia (12). In these cases, the level of
negative pressure may need to be reduced to
alleviate the pressure in the tissue, thereby
reducing the degree of hypoperfusion (13).
No study has yet been performed to exam-
ine whether tissue pressure can be affected by
changing the type or size of wound filler used
for NPWT.

Previous studies on tissue pressure during
NPWT have been performed in vitro, using
processed meat (5), and in vivo on human
subjects (7), but only at limited positions
around the wound edge. The aims of this study
were to examine wound contraction and tissue
pressure upon NPWT using different levels
of negative pressure (ranging from —20 to
—160 mmHg). Different types (foam or gauze)
and sizes (small or large) of wound fillers were
applied in vivo to a porcine peripheral wound
and the pressure in the wound edge tissue was
measured at distances of 0-1,0-5, 1-0 and 2-0 cm
from the wound edge and the wound diameter
was determined.

© 2011 The Authors
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MATERIALS AND METHODS
Animals

Eight healthy domestic pigs of both sexes,
with a mean body weight of 70kg, were
fasted overnight with free access to water.
The experimental protocol for this study was
approved by the Ethics Committee for Animal
Research at Lund University, Sweden. All
animals received humane care in compliance
with the European Convention on Animal
Care.

Anaesthesia and surgical procedure

An intramuscular injection of xylazine
(Rompun® vet. 20 mg/ml; Bayer AG, Lev-
erkusen, Germany; 2mg/kg) mixed with
ketamine (Ketaminol® vet. 100 mg/ml; Farma-
ceutici Gellini S.p.A, Aprilia, Italy; 20 mg/kg)
was used for premedication. Anaesthesia
was then induced with intravenous sodium
thiopental (Pentothal®; Abbot Scandinavia,
Stockholm, Sweden; 8 mg/kg) and main-
tained with a continuous infusion of fentanyl
(3:5 ug/kg/hour) in Ringer’s acetate in combi-
nation with intermittent bolus doses of sodium
thiopental. The animals were orally intubated
with cuffed endotracheal tubes. Mechanical
ventilation was established with a Siemens-
Elema ventilator (Siemens-Elema AB, Solna,
Sweden) in the volume-controlled mode (65%
nitrous oxide and 35% oxygen). Ventilatory set-
tings were identical for all animals (respiratory
rate, 15 breaths/minute; minute ventilation,
12 1/minute). A positive end-expiratory pres-
sure of 5 cm H,O was applied. A Foley catheter
was inserted into the urinary bladder through
a suprapubic cystostomy. After the experi-
ments were finished, a lethal dose of potassium
chloride was administered intravenously for
euthanasia.

Wounds and treatment

Circular wounds, 6 cm in diameter, extending
into the subcutaneous tissue, were created
on the pig’s back, 10cm from the spine,
towards the back leg. One wound was
created on each pig for the performance of
the experiments. Either AMD gauze (Kendall
Healthcare, Mansfield, MA) or open pore
structure polyurethane foam (VAC® black
GranuFoam®, KCI, San Antonio, TX) was used
as wound filler. The gauze was soaked in
saline. The wound was sealed with transparent
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adhesive drape. A drain was connected
to the vacuum source. Negative pressures
between —20 and —160 mmHg were applied
at 20 mmHg increments.

The effects of two different sizes of wound
fillers were investigated. The foam pieces
were circular and cut to a diameter of 50 or
70 mm (referred to as the ‘small’ and ‘large’
foam fillers, respectively). Two gauze sponges
(each 150 x 170 mm) together constituted the
‘small’ gauze filler, and three gauze sponges
constituted the ‘large’ gauze filler.

Pressure measurements

The negative pressure on the wound bed,
underneath the wound filler, was measured
using a saline-filled pressure catheter. The
tip of the catheter was sutured to the centre
of the bottom of the wound (Figure 1). The
pressure catheter was connected to a custom-
built pressure gauge that relies on pressure
transduction via a fluid-filled catheter. Owing
to fluid accumulation at the end of the
probe, this technique is not suitable for
pressure measurements in the tissue as fluid
may accumulate there. However, pressure
measurements in the wound bed poses no
problem as the fluid is evacuated continuously
by the NPWT.

Intracranial tissue pressure microsensors
(Codman/Johnson and Johnson Professional
Inc., Raynham, Massachusetts, US) were used
to measure the pressure in the tissue. These
were inserted into the tissue, using an 18G
Tuohy needle, at distances of 0-1, 05, 1.0
and 2-0 cm from the wound edge (Figure 1).

The Codman ICP monitoring system was
used to measure tissue pressures as it can
record high positive pressures. This system
was not used for measuring wound bed
pressure as it only records negative pressures
down to —99 mmHg. The resulting pressure
was recorded after having stabilised at a
constant level, which typically occurred within
2 minutes after application of NPWT.

Measurement of wound contraction

Four marks were made on the edge of the
wound. The vertical and horizontal diameters
of the wound were measured before and
after the application of negative pressure. The
horizontal diameter was here measured in
parallel with the pig’s spine and the vertical
diameter was measured 90° from this. The
mean of the two diameters measured (the
horizontal and the vertical) was calculated.

Calculations and statistics

Eight pigs were used for this study. In
cases where adverse events and experimental
conditions inhibited the continuation of the
experiments, the number had to be reduced.
Calculations and statistics were performed
using GraphPad 5.0 software. The sequence
of applying the different NPWT modalities
was varied between the experiments using
a Latin square design. Statistical analysis
was performed using the Mann-Whitney test.
Significance was defined as P < 0-05. The
P-values in the interval 0-001-0-300 have been
written out, while outside this interval the
expressions ‘P < 0-001" and ‘P > 0-30" have

Figure 1. Left: the four Codman ICP express pressure monitors used to measure the tissue pressure around the wound edge and
the custom-built pressure gauge used to measure the pressure in the wound bed. Right: the porcine wound filled with foam showing
the tissue pressure sensors (left arrow) 0-1, 0-5, 1-0 and 2-0 cm from the wound edge, and the pressure sensor sutured to the wound

bed (right arrow). The drain is seen in the centre of the wound filler.

© 2011 The Authors
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been used. Results are presented as the mean
=+ the standard error of the mean and median
(range).

RESULTS

Wound contraction

The mean wound diameter was initially
6-1 4 0-2 cm (median 5:9 cm, range 5-4-6-7 cm).
NPWT was applied and the wound diameter
was reduced with increasing levels of negative
pressure. Wound contraction was greater when
using a small piece of foam [the mean
wound diameter was 5-8 +0-1 cm, (median
5.7cm, range 5.1-6-5cm) at —120 mmHg]
compared with when using a large piece
of foam [the mean wound diameter was
6-2 £0-2 cm, (median 6:1 cm, range 5-6-7-6 cm)
at —120 mmHg, P = 0 - 033]. Gauze resulted in
an intermediate wound contraction that was
not affected by the size of the gauze filler
[the mean wound diameter was 61 4+ 0-2 cm
(median 5-9 cm, range 5-4-7-5 cm) for the small
gauze filler and 6-1 £ 0-1 cm (median 5.9 cm,
range 5-6-7-2cm) for the large gauze filler
at —120 mmHg, P > 0-30]. See Figure2 for
detailed results.

Pressure on the wound bed

Pressure transduction to the wound bed
is equally good between the foam sizes
tested. For example, at an applied pressure
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Figure 2. Wound diameter upon application of Negative
pressure wound therapy using gauze and foam of different sizes
(small or large). The diameter was measured in the horizontal
and the vertical plane, as described in the Methods, and the
mean values for each wound was calculated. Results are shown
as mean = standard error of the mean (SEM) of six experiments.
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of —120 mmHg, the mean pressure recorded
when using the small foam filler was —105 &
2 mmHg (median —105 mmHg, range —110 to
—99 mmHg) compared with —103 £ 2 mmHg
(median —103, range —108 to —98 mmHg)
when using the large foam filler (P > 0-30).
The results were similar for gauze, for
example when using the small gauze filler, the
mean pressure was —104 =2 mmHg (median
—104 mmHg, range —110 to —97 mmHg) com-
pared with —108 +2 mmHg (median —108,
range —112 to —101 mmHg) when using the
large gauze filler (P > 0-30). See Figure 3 for
detailed results.

Pressure in the wound edge tissue

The tissue pressure was measured at different
distances from the wound edge. At0-1 cm from
the wound edge, the tissue pressure decreased
during NPWT, regardless the type of wound
filler [e.g. —26 + 14 mmHg (median —17, range
—91 to —3 mmHg), at —120 mmHg, using the
small foam filler]. At 0-5cm from the wound
edge, the tissue pressure increased during
NPWT, regardless the type of wound filler [e.g.
9 + 1 mmHg (median 9, range 7-13 mmHg), at
—120 mmHg, using the small foam filler]. At
1.0 cm and 2-0 cm from the wound edge, the
tissue pressure was not affected by NPWT,
regardless the type of wound filler (P > 0-30).
See Figure 4 for detailed results.

Tissue pressure in the wound bed
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Figure 3. Wound bed pressures during Negative pressure
wound therapy in wounds filled with foam or gauze of different
sizes (small or large). Results are shown as mean =+ standard
error of the mean (SEM) of six experiments. Note that both sizes
of foam and gauze offer similar pressure transduction to the
wound bed.
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Figure 4. Tissue pressure measured 0-5 cm from the wound
edge during Negative pressure wound therapy (NPWT) at —40,
—80 and —120 mmHg, respectively in wounds filled with foam
of different sizes (small or large). Results are shown as means
of eight experiments. Note that the tissue pressure is positive at
this distance from the wound edge. This is presumably the result
of the compressive forces generated by NPWT.

The decrease in tissue pressure 0-1 cm from
the wound edge was not affected by the
size of wound filler [e.g. —26 =+ 14 mmHg
(median —17, range —91 to —3 mmHg), for
small foam and —37+16 mmHg (median
—26, range —99 to —13 mmHg), for large
foam, at —120 mmHg, P > 0-30]. However,
the tissue pressure 0-5cm from the wound
edge was higher for a small foam than for
a large foam [e.g. 9+ 1mmHg (median 9,
range 7-13 mmHg), for the small and 6 £1
for large foam (median 6, range 3-9 mmHg), at
—120 mmHg, P = 0-034, Figure 4].

DISCUSSION

This study showed that a small foam, under
negative pressure, resulted in a greater wound
contraction than a large foam. Gauze resulted
in an intermediate wound contraction that was
not affected by the size of the gauze filler.
The reason for the difference in properties
between foam and gauze may be that the
porous structure of foam allows greater volume
reduction under pressure.

At a distance of 0-1cm from the wound
edge, the tissue pressure decreased gradually
with increasing suction pressure. These obser-
vations are in line with results from a previous

study in mice (14). This finding suggests that
NPWT induces a hypobaric environment not
only in the wound bed but also in the superfi-
cial wound edge tissue. Subatmospheric tissue
pressure and a pressure gradient over the
wound edge may initiate a transport of inter-
stitial fluid, which may facilitate the diffusion
of oxygen and nutrients.

At 0-5cm from the wound edge, the
tissue pressure increased gradually with the
applied negative pressure. Similar results have
been reported in recent studies by Kairinos
et al. (5,7), where there was increased pressure
in processed meat 1.0cm from the wound
edge, while the pressure was not affected
at deeper locations (5). The reason for the
increase in pressure 0-5cm from the wound
edge is not fully understood. It is believed
that the negative pressure contracts the wound
resulting in wound edge tissue compression,
which causes increased tissue pressure around
the edge of the wound (5).

The tissue pressure (at 0-5cm from the
wound edge) was dependent on the size of
the foam filler, being higher for the small foam
filler and lower for the large foam filler. One
possible explanation for this is that a small foam
filler results in a smaller wound diameter than
a large foam filler. The negative pressure thus
causes greater compression of the tissue when
using a small foam filler, than when using a
large one. Conversely, the large foam filler
offers greater resistance against the wound
edge wall, which prevents the tissue from being
compressed.

The increase in tissue pressure may result
in decreased blood flow (12). We have previ-
ously showed that the blood flow 0-5 cm from
the wound edge decreased during NPWT (9).
It is well known that reduced blood flow
stimulates angiogenesis and granulation tis-
sue formation, which facilitates the process
of wound healing (15,16). Furthermore, com-
pression of the wound edge tissue may be
beneficial during surgical procedures as it has
been shown to tamponade superficial bleed-
ing (11), and may reduce wound edge oedema.
However, in poorly vascularised tissue, com-
pression and decreased blood perfusion may
cause ischaemia (12,13).

The wound is more contracted during NPWT
treatment at a high level of negative pressure
or when using a small foam. Conversely,
the wound is less contracted during NPWT

© 2011 The Authors
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treatment at a low level of negative pressure
or when using gauze or a large foam filler.
The biological effects in the wound edge may
thus be adjusted by changing the conditions
under which NPWT is applied. We know that
mechanical wound contraction often causes
pain to the patient (17). It is possible that
this can be managed by reducing the level
of negative pressure, or by using gauze or a
large foam filler. In contrast, if the aim is to
maximise granulation tissue formation, a high
level of negative pressure (4,9,18) or a small
foam filler may be used.

It is indeed interesting that wound contrac-
tion differs between different sizes and types
of wound filler and it is most probable that
this relates to healing during NPWT. In a pre-
vious study, it could be shown that wound
contraction is greater when using foam than
when using gauze in sternotomy wounds (19).
Mechanical effects on the wound edge resulting
from NPWT are believed to be one of the funda-
mental mechanisms by which NPWT promotes
healing. Wound contraction creates deforma-
tional forces at the wound-foam interface (20),
which is thought to initiate a series of inter-
related biological effects including the promo-
tion of wound edge microvascular blood flow,
the removal of bacteria and the stimulation
of granulation tissue formation (21). Different
amounts of wound contraction, offered by dif-
ferent types of wound fillers, may be desirable
for different types of wounds. The advantage
of greater wound contraction, such as that
achieved with foam, may be massive stimu-
lation of granulation tissue and, thus, faster
healing. Large wound contraction may also be
preferable in wounds dependent on reverse
tissue expansion for secondary wound closure,
for example for upper and lower limb com-
partment syndrome. However, when NPWT is
applied to a wound that cannot be closed (e.g.
because of an enlarged heart), a lower degree
of wound contraction, such as that obtained
with gauze, may be preferable. Also, a lower
degree of wound contraction may result in a
lower risk of the underlying organs becom-
ing wedged between the sternal edges: This
may reduce the risk of damage to the heart
and lungs. Furthermore, patient’s pain may be
reduced by minimising the mechanical effects
on the wound edge.

The choice of conditions for NPWT may
be of even greater importance when treating

© 2011 The Authors
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poorly vascularised tissue, such as in diabetic
patients with arteriosclerosis, or in patients
with general arteriosclerosis. NPWT elicits
hypoperfusion in the wound edge as a result of
increased tissue pressure. We know that these
effects can be governed by altering the level
of negative pressure applied (13). The choice
of filler material, or the size of the filler, may
offer other means of governing wound edge
perfusion, however, this needs to be studied in
greater detail.

In conclusion, NPWT contracts the wound
and alters the tissue pressure which may
accelerate wound healing. NPWT creates
a hypobaric environment in the superficial
wound edge tissue (0-1cm from the wound
edge), which may cause the transport of
interstitial fluid, facilitating the diffusion of
oxygen and nutrients. Deeper in the wound
edge (0-5cm), tissue pressure increases that
may be a result of wound contraction and
wound edge tissue deformation. The use
of a small foam to fill the wound causes
considerable wound contraction and may thus
be used when maximal mechanical stress and
granulation tissue formation are desirable.
Conversely, gauze or large amounts of foam
result in less wound contraction which may
be beneficial when NPWT causes pain to the
patient.
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ABSTRACT

The effects of negative pressure wound therapy (NPWT) on wound edge microvas-
cular blood flow are not clear. The aim of the present study was therefore to further
elucidate the effects of NPWT on periwound blood flow in a porcine peripheral
wound model using different blood flow measurement techniques. NPWT at
—20, —40, —80, and —125 mmHg was applied to a peripheral porcine wound (n = 8).
Thermodiffusion, transcutaneous, and invasive laser Doppler velocimetry were used
to measure the blood perfusion 0.5, 1.0, and 2.5 cm from the wound edge. Thermo-
diffusion (an invasive measurement technique) generally showed a decrease in per-
fusion close to the wound edge (0.5 cm), and an increase further from the edge
(2.5 cm). Invasive laser Doppler velocimetry showed a similar response pattern, with
a decrease in blood flow 0.5 cm from the wound edge and an increase further away.
However, 1.0 cm from the wound edge blood flow decreased with high pressure
levels and increased with low pressure levels. A different response pattern was seen
with transcutaneous laser Doppler velocimetry, showing an increase in blood flow
regardless of the distance from the wound edge (0.5, 1.0, and 2.5 cm). During NPWT,
both increases and decreases in blood flow can be seen in the periwound tissue
depending on the distance from the wound edge and the pressure level. The pattern
of response depends partly on the measurement technique used. The combination of
hypoperfusion and hyperperfusion caused by NPWT may accelerate wound healing.

Blood flow changes around the wound edges are believed to
be among the mechanisms by which negative pressure wound
therapy (NPWT) accelerates wound healing.'> However, the
effect of NPWT on wound edge microvascular blood flow has
been the subject of much debate following reports of different
results by different research groups.'~* Invasive laser Doppler
velocimetry has been used to show that the microvascular
blood flow in wounds on the back of pigs increased four
times above the baseline value when a negative pressure of
—125 mmHg was applied, whereas blood flow was inhibited at
—400 mmHg and greater negative pressures.” We have previ-
ously studied blood flow at different distances from the
wound edge (0.5 to 5 cm), in both subcutaneous and muscular
tissue,*®” and at different levels of negative pressure (—10 to
200 mmHg)® in a porcine peripheral wound model, using
invasive laser Doppler velocimetry. Blood flow unequivocally
increased 2.5 cm from the wound edge upon negative pressure
application,® while it decreased 0.5 cm from the wound
edge.**® The change in blood flow was found to increase
gradually with increasing level of negative pressure, and was
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maximal at approximately —80 mmHg.® Timmers et al. mea-
sured the blood flow in healthy intact forearm skin during
NPWT using transcutaneous laser Doppler velocimetry, and
found only increases in blood flow for pressures between
-100 and -500 mmHg.> Conversely, Kairinos et al. found
only decreases in perfusion when studying blood flow in
human tissue using radioisotope perfusion imaging.' There
is therefore no consensus on the effect of NPWT on the
periwound blood flow.

It has never been shown whether the increases or
decreases in blood flow in the wound edge during NPWT
are beneficial for wound healing. It may be speculated that
increases in blood flow are important to ensure adequate oxy-
genation and nutrient supply and removal of waste products
from the healing wound. Hypoperfusion is known to stimulate
angiogenesis and granulation tissue formation, but at the same
time, it is important not to render the wound too hypo-
perfused, thereby causing ischemia.

Knowledge of the exact effects on periwound blood flow
attained with a certain negative pressure level can be of help
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when tailoring the therapy to the specific needs for a certain
wound. It may sometimes be necessary to reduce the negative
pressure level to minimize pain and the risk of ischemia,
keeping in mind that it also is important to maintain some of
the blood flow effects of the therapy.

Thermodiffusion is a blood flow measurement technique
that has not previously been used in conjunction with
NPWT, but it has been experimentally and clinically
evaluated for quantification of microcirculation in various
organs,*"" and there is significant correlation to results
obtained by other techniques in different experimental and
clinical settings.®"!

The present study was designed to investigate the effects
of NPWT on periwound blood flow in a porcine peripheral
wound model, using both invasive (invasive laser Doppler
velocimetry and thermodiffusion) and noninvasive (transcu-
taneous laser Doppler velocimetry) techniques for measure-
ments. Blood flow was recorded before and after NPWT was
applied at different levels of negative pressure (—20, —40, —80,
and —125 mmHg) and at different distances from the wound
edge (0.5, 1.0, and 2.5 cm).

MATERIALS AND METHODS

Animals

Healthy domestic pigs of both sexes, with a mean body
weight of 70 kg, were used in the study. All the animals were
fasted overnight with free access to water. The experimental
protocol for this study was approved by the Ethics Committee
for Animal Research, Lund University, Sweden. All animals
received humane care in compliance with the European
Convention on Animal Care.

Anesthesia

An intramuscular injection of xylazine (Rompun® vet. 20 mg/
mL, Bayer AG, Leverkusen, Germany; 2 mg/kg) mixed
with ketamine (Ketaminol® vet. 100 mg/mL, Farmaceutici
Gellini S.p.A., Aprilia, Italy; 20 mg/kg) was used for pre-
medication. Intravenous catheters were inserted into the
auricular veins of both ears. Anesthesia was then induced with
intravenous sodium thiopental (Pentothal®, Abbott Scandina-
via, Stockholm, Sweden; ~10 mg/kg) and maintained with
a continuous infusion of fentanyl (Leptanal®; Lilly, France;
3.5 pug/kg/hour) in Ringer’s acetate or buffered 2.5% glucose
(250-500 mL/hour) in combination with sodium thiopental
(400-600 mg/hour) delivered via an infusion pump (Compact
Perfusor, Braun, Melsungen, Germany). After orotracheal
intubation using a 7.5-mm diameter cuffed endotracheal tube,
the pig was connected to a rebreathing circuit (Servo 900C;
Siemens-Elema AB, Solna, Sweden) and its lungs were
ventilated mechanically in the volume-controlled mode
(65% N>O, 35% O,). Ventilatory settings were identical for
all animals (respiratory rate, 15 breaths/minute; minute ven-
tilation, 10 L/minute). A positive end-expiratory pressure
of 5 cmH,O was applied. A Foley catheter was inserted into
the urinary bladder through a suprapubic cystostomy. The
animals remained anesthetized during the entire experiment.
After the experiments, a lethal dose of potassium chloride was
administered intravenously.

728

Borgquist et al.

Wound treatment

The animals were placed in the lateral position, and
wounds (6 cm in diameter) penetrating into the muscle
were created on the paravertebral area of the back. Open-
pore polyurethane foam was placed in the wound cavities
and trimmed to a size slightly larger than the wound in
order to allow volume reduction during vacuum application.
The wounds were sealed with a transparent adhesive drape.
A drain connected the foam with a vacuum source that
was set to deliver negative pressures of —20, —40, —80,
or —125 mmHg. These pressure levels were selected as they
have been shown to have low (-20 mmHg), half of the
maximal (40 mmHg), and maximal (-80 mmHg) effects
on blood flow in a previous study.® The highest pressure
level, —125 mmHg, was chosen because it is a commonly
used pressure level in the clinical setting.'? After preparation
of the wounds with NPWT dressings (at atmospheric pres-
sure), the blood flow in the wound edges was allowed to
stabilize for 1 hour.

Blood flow measurements using thermodiffusion
(an invasive technique)

The Bowman Perfusion Monitor (Hemedex, Cambridge,
MA) is based on the principle of thermodiffusion. A thermal
transducer is mounted at the tip of a flexible 19G QFlow 500
Thermal Diffusion Probe. The transducer is heated to a tem-
perature 2 °C above that of the surrounding tissue. The power
dissipated in the thermistor provides a measure of the ability
of the tissue to carry away the heat by both thermal conduc-
tion within the tissue and by thermal convection due to tissue
blood flow. A passive, proximal thermistor is used to monitor,
and compensate for, temporal changes in tissue baseline tem-
perature. Perfusion is measured as mL/100 mg tissue/minute
in a small, focal volume of tissue surrounding the distal tip of
the probe.

Two thermal diffusion probes were inserted into the muscle
tissue 0.5 and 2.5 cm from the wound edge, using a 16G
Secalon-T™ central venous catheter (BD Medical Surgical
Systems, Stockholm, Sweden). Blood perfusion was recorded
before and after the application of negative pressure (20,
—40, 80, or —125 mmHg). Between each negative pressure
application, there was a 15-minute interval to allow for stabi-
lization of the blood flow to the baseline value. The experi-
mental setup is shown in Figure 1.

Invasive laser Doppler velocimetry

Laser Doppler velocimetry allows the microvascular blood
flow to be measured continuously. Two four-channel Perimed
PF5010 Laser Doppler Perfusion Monitor units (Perimed,
Stockholm, Sweden) were used. The filament probes were
inserted into the muscle tissue 0.5, 1.0, and 2.5 cm from the
wound edge. Laser Doppler recordings were performed
before and after the application of negative pressures.
Between each negative pressure application, there was a
15-minute interval to allow for stabilization of the blood flow
to the baseline value. The results are shown on the monitor as
arbitrary perfusion units, and are presented here as a percent
of the baseline values (i.e., before the application of negative
pressure).
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Figure 1. Photograph of the experimental setup for blood
flow measurements using thermodiffusion with the Bowman
Perfusion Monitor. A wound was created on the back of a pig.
Two probes for blood flow measurements were inserted intra-
muscularly 0.5 cm (arrow) and 2.5 cm (arrowhead) from the
wound edge. The wound was then sealed for negative pres-
sure wound therapy.

Transcutaneous laser Doppler velocimetry

The O2C unit (LEA Medizintechnik, Giessen, Germany)
transmits both continuous laser light and white light to 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 converted into an electrical
signal. The laser Doppler shift is detected, and the product of
moving erythrocytes and the velocity of each erythrocyte are
used to calculate the relative blood flow. White light is used
for the detection of oxygen saturation and relative amount of
hemoglobin. Blood flow and relative amount of hemoglobin
were obtained in terms of arbitrary units, whereas oxygen
saturation is expressed in percent.

Flat measurement probes (LF-2, LEA Medizintechnik)
were placed on the skin surface 0.5, 1.0, and 2.5 cm from the
wound edge, and held in place by a transparent adhesive film.
Measurements were performed before and after each negative
pressure (20, —40, —80, or —125 mmHg) was applied. Fifteen
minutes was allowed for baseline stabilization between each
pressure setting. The experimental setup is shown in Figure 2.

Limitations

Both oxygen saturation and the relative amount of hemoglo-
bin were measured using the O2C unit. However, great varia-
tions and inconsistency in the results between the different

Wound Rep Reg (2011) 19 727-733 © 2011 by the Wound Healing Society

NPWT and wound edge perfusion

recordings made the measurements unreliable. These mea-
surements were therefore not included in the analysis.

Calculations and statistics

Calculations and statistical analysis were performed using
GraphPad 5.0 software (San Diego, CA). Blood flow results
are presented as the percent change upon negative pressure
application compared to the baseline values. Results are pre-
sented as the mean * the standard error of the mean. Statis-
tical 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. Significance was defined as p < 0.05.

RESULTS

All differences referred to in the text were statistically
significant.

Blood flow measured using thermodiffusion (an
invasive technique)

Close to the wound edge (0.5 cm from the wound edge),
increased perfusion (10 * 18%) was recorded at a low level
of negative pressure (—20 mmHg), while decreased perfusion
(e.g.,—12 £ 35% at -80 mmHg) was found at higher levels of
negative pressure (40, —80, and —125 mmHg). Further from

Figure 2. Photograph of the experimental setup for blood
flow measurements using transcutaneous laser Doppler
velocimetry with the O2C device. A wound was created on the
back of a pig and the wound was then sealed for negative
pressure wound therapy. The probe (arrow) was placed 0.5,
1.0, or 2.5 cm from the wound edge. In this photograph, the
sensing part of the probe is placed 0.5 cm from the wound
edge.
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Figure 3. Wound edge microvascular blood flow measured
invasively using thermodiffusion, 0.5 and 2.5 cm from the
wound edge. Recordings were performed before and after
negative pressure wound therapy was applied, and the change
in blood flow compared to the baseline level was calculated.
Results are expressed as mean values.

the wound edge (2.5cm), blood perfusion was seen to
increase at all levels of negative pressure investigated (e.g.,
31 = 20% for —-80 mmHg). See Figure 3 for detailed results.

Blood flow measured using invasive laser
Doppler velocimetry

Close to the wound edge (0.5 cm), a decrease in the microvas-
cular blood flow was recorded at all negative pressure levels
studied (e.g., —45 = 7% at =80 mmHg). One centimeter from
the wound edge, the measured blood flow increased at low
levels of negative pressure (e.g., 12 = 10% at —-40 mmHg),
and then decreased at higher levels of negative pressure (e.g.,
-30 = 8% at —80 mmHg). Further from the wound edge
(2.5 cm), the perfusion increased for all negative pressures
studied (e.g., 41 * 8% for —80 mmHg). See Figure 4 for
detailed results.

Blood flow measured using transcutaneous laser
Doppler velocimetry

When laser Doppler measurements were performed trans-
cutaneously, using skin probes, blood flow was found to
increase gradually with increasing levels of negative pressure
at all distances from the wound edge. Typical values were
1+ 3% when measured 0.5cm from the wound edge,
4 + 2% when measured 1.0 cm from the wound edge, and
7 *= 3% when measured 2.5 cm from the wound edge, at
—80 mmHg (Figure 5).

DISCUSSION

In the present study, the effects of NPWT on the periwound
microvascular blood flow were determined in detail in a
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porcine model. Thermodiffusion was used for continuous,
real-time quantitative flow measurements. To our knowledge,
this technique has never before been used to study the effects
of NPWT on blood flow. In addition, transcutaneous and
invasive laser Doppler velocimetry were performed. Results
using these two measurement techniques have varied consid-
erably in previous studies.>” This is the first time transcuta-
neous and invasive laser Doppler velocimetry have been used
in parallel in the same experimental setup to evaluate the
cause of the variability in a controlled way.

Blood flow effects 2.5 cm from the wound edge

All the techniques used in this study demonstrated that blood
flow increased 2.5 cm from the wound edge when NPWT was
applied. This is in line with previous work by Timmers et al.,
who used transcutaneous laser Doppler velocimetry to
measure blood flow in healthy intact forearm skin,’ and
by Wackenfors et al., where invasive (intramuscular) laser

Invasive laser Doppler velocimetry

100+
< 0.5¢cm

90 & 1.0cm
804 -4 2.5cm
70
60
50
40
30+
20+

10

04

Blood flow (% of baseline)

T T -
80 100 120
104 i sure (-mmHg)

-20

=304

-40+

-50+

-60-

Figure 4. Wound edge microvascular blood flow measured
using invasive laser Doppler velocimetry, with probes placed in
muscle tissue 0.5, 1.0, and 2.5 cm from the wound edge.
Recordings were performed before and after negative pres-
sure wound therapy was applied, and the percent change in
blood flow was calculated. Results are expressed as mean
values.
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Transcutaneous laser Doppler velocimetry
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Figure 5. Wound edge microvascular blood flow measured
using transcutaneous laser Doppler velocimetry, with a probe
placed on the skin surface 0.5, 1.0, and 2.5 cm from the
wound edge. Recordings were performed before and after
negative pressure wound therapy was applied, and the
percent change in blood flow was calculated. Results are
expressed as mean values.

Doppler velocimetry was used in porcine inguinal wounds.
The mechanism by which blood flow is increased 2.5 cm from
the wound edge after the application of NPWT is difficult to
explain. Kairinos et al. showed that the pressure on the tissue
2 cm from the wound edge was the same as atmospheric
pressure, and, thus, a change in tissue pressure is not a plau-
sible explanation of the present blood flow findings."* NPWT
has mechanical effects causing wound contraction.'* When
applied to a wound cavity, NPWT may create a force on the
tissue that can open up small arterioles and capillaries,
leading to increased blood flow."'® Indeed, previous experi-
mental studies have shown that small arterioles and capillaries
in the wound edge tissue open up upon the application of
negative pressure.'>'®

Blood flow effects 0.5 cm from the wound edge

Blood flow decreased 0.5 cm from the wound edge during
NPWT when measured by invasive laser Doppler velocim-
etry. We have found similar results in our previous studies
where we used the same measurement technique in porcine
peripheral wound models.*® Thermodiffusion measurements
(also an invasive technique) performed in the same experi-
mental setup confirmed the decrease in blood flow in tissue
close to the wound edge during NPWT. However, when blood
flow was measured by noninvasive laser Doppler velocimetry
at a similar distance using transcutaneously placed probes, the
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blood flow appeared to increase when NPWT was applied.
The latter finding is in accordance with the results of a study
by Timmers et al., who observed an increase in blood flow
when making transcutaneous laser Doppler velocimetry
recordings in the forearm of healthy volunteers.’

Differences in results obtained with the invasive and
transcutaneous laser Doppler measurement
techniques 0.5 cm from the wound edge

The reason for the disparity between invasive and transcu-
taneous laser Doppler measurements can only be speculated
upon, but it may be due to the fact that these techniques
measure blood flow in different tissue types (i.e., the dermis
in the case of the transcutaneous technique, and inside
muscle tissue in the case of the invasive technique). The
effects of NPWT on blood flow in the tissue close to the
wound edge are the result of tissue compression and a
resulting increase in tissue pressure.*'* Dense tissue, such as
pig skin, will resist compression, and there may be no
decrease in blood flow 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 invasive and transcutaneous
measurements may be that laser Doppler velocimetry has a
small sampling area and, for the transcutaneous technique,
the laser light must travel through the epidermis before
reaching the microcirculation, while probes inserted into the
tissue will be in direct contact with the microvasculature of
the tissue.

Transcutaneous measurement has been the method of
choice in clinical practice due to the non-invasiveness of the
technique. Such measurements may not accurately reflect the
blood flow effects of NPWT on the wound edge as the present
study showed only increases in blood flow with this tech-
nique, whereas invasive measurements showed both increases
and decreases in blood flow. However, it cannot be concluded
from this study whether increases or decreases in blood flow
are beneficial for wound healing. It may be speculated that
increases in blood flow are important to ensure adequate oxy-
genation and nutrient supply and removal of waste products
from the healing wound. Hypoperfusion is known to stimulate
angiogenesis and granulation tissue formation, but at the same
time, it is important not to render the wound too hypoper-
fused, thereby causing ischemia.

Blood flow effects 1.0 cm from the wound edge
(the transition zone)

In this study, the effect on blood flow 1.0 cm from the wound
edge appeared to depend both on the level of negative pres-
sure applied and on the measurement technique used. With an
invasive laser Doppler measurement technique, high levels of
negative pressure resulted in decreased blood flow, while low
pressure levels led to increased blood flow. There may thus be
a transition zone between the hypoperfused tissue closer to
the wound and the hyperperfused tissue further from the
wound. Thus, the response of the blood flow in muscle tissue
when negative pressure is applied is dependent on the level of
negative pressure, and may result in an increase or a decrease
in perfusion (Figure 6).
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Figure 6. Schematic illustration of the effect of negative pres-
sure wound therapy (NPWT) on periwound blood flow. In
general, close to the wound edge, blood flow decreases
(blue), while further from the wound edge, blood flow
increases (red). Between these locations, there may be a
transition zone where the blood flow may increase or
decrease depending on the negative pressure level.

Transcutaneous laser Doppler measurements resulted in
increased dermal blood flow for all negative pressure levels
greater than —20 mmHg.

The negative pressure level

The most commonly used pressure level in everyday wound
care is —125 mmHg, based on a limited, pioneering study on
pigs carried out in 1997.2 However, we now know from more
recent and detailed animal studies that the maximal biological
effects on the wound edges, in terms of wound contraction,'”
regional blood flow,® and the formation of granulation tissue,'®
are obtained already at —-80 mmHg. Clinical studies have also
shown that negative pressure levels of less than —125 mmHg
result in excellent wound healing," and in a series of clinical
cases, it was found that wound healing was similar when
using —125 and 75 mmHg.” The results of the present study
confirm that —80 mmHg has maximal effects on blood flow. If
the patient is experiencing pain, or if the tissue is poorly
vascularized (e.g., in diabetic foot ulcers and thin skin trans-
plants), it may be necessary to reduce the negative pressure
level to minimize pain and the risk of ischemia.""**' The
findings of the present study confirm that a negative pressure
of —40 mmHg reduces the blood flow changes significantly,
and may thus be a good choice for NPWT of poorly perfused
tissues. We know from previous studies that NPWT has
wound-healing effects at this level of negative pressure.®*
Biological effects of NPWT are seen already at a negative
pressure level of —20 mmHg, but this is probably the lowest
pressure that can be used for NPWT.® In the present study, a
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pressure level of —20 mmHg resulted in an increase in blood
perfusion at both 0.5 and 2.5 cm from the wound edge as
measured by thermodiffusion, and may thus be an interesting
pressure for treating poorly perfused wounds.

Limitations

The reason for the differences in the findings of previous
blood flow studies could not be determined, but it may depend
on the technique used to measure perfusion. Laser Doppler
velocimetry has been used in most of the studies.>**” Several
factors may influence the outcome when measuring the peri-
wound blood flow, e.g., movement artifacts, the location
of the measurement relative to the wound edge, the tissue
type, the geometry of the wound, the wound filler size or type,
and the negative pressure level.

To conclude, thermodiffusion and transcutaneous and inva-
sive laser Doppler velocimetry have been used to determine
blood perfusion in the immediate periwound area during
NPWT. The results confirm previous findings that blood flow
is increased 2.5 cm from the wound edge for pressures
between —20 and —125 mmHg. In tissue 0.5 cm from the
wound edge, blood flow is seen to decrease when measured
with invasive techniques. When probes are placed transcuta-
neously, the blood flow is found to increase. This may be due
to the differences in tissue structure.
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Abstract

Background. There are increasing reports of serious complications and deaths associated with negative pressure wound
therapy (NPWT). Bleeding may occur when NPWT is applied to a wound with exposed blood vessels. Inserting a rigid
disc in the wound may protect these structures. The authors examined the effects of rigid discs on wound bed tissue
pressure and blood flow through a large blood vessel in the wound bed during NPWT. Methods. Wounds were created
over the femoral artery in the groin of 8 pigs. Rigid discs were inserted.Wound bed pressures and arterial blood flow were
measured during NPWT. Results. Pressure transduction to the wound bed was similar for control wounds and wounds
with discs. Blood flow through the femoral artery decreased in control wounds.When a disc was inserted, the blood flow
was restored. Conclusions. NPWT causes hypoperfusion in the wound bed tissue, presumably as a result of mechanical

deformation. The insertion of a rigid barrier alleviates this effect and restores blood flow.
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Introduction

There are increasing numbers of reports on deaths and
serious complications associated with the use of negative
pressure wound therapy (NPWT)."* Bleeding is one of
the more serious complications, occurring in patients with
exposed blood vessels or vascular grafts (such as femoral
and femoral-popliteal grafts), in sternal and groin wounds,
and during the removal of dressings adhered to or embed-
ded in the wound bed tissue.” The application of negative
pressure treatment to nerves and blood vessels is currently
contraindicated because of the risk of damage. These tis-
sues are, however, often subject to NPWT because of the
lack of effective alternative treatments. In November
2009, the Federal Drug Administration filed an alert
where bleeding was classified as the most serious compli-
cation to NPWT, having been reported in 6 death and 17
injury reports.’ The importance of protecting exposed
organs and sensitive tissue has also been emphasized in
the international scientific literature.**

Heart rupture, bypass graft bleeding, and death are the
most devastating complications for patients treated with
NPWT for mediastinitis after cardiac surgery, the incidence

being 4% to 7%."** We have previously described the rea-
son for heart rupture during NPWT in pigs using magnetic
resonance imaging.' The heart was shown to be drawn up
toward the thoracic wall, the right ventricle bulged into the
space between the sternal edges, and the sharp edges of the
sternum protruded into the anterior surface of the heart.
These events were not prevented by the insertion of soft,
nonadhesive, wound-contact layers, but the insertion of a
rigid disc between the anterior part of the heart and the
inside of the thoracic wall was successful in providing pro-
tection.'’ Heart and lung ruptures, similar to those seen in
patients, were observed in this experimental setup without
the rigid discs, whereas no damage to heart or lungs was
seen when rigid discs were used."

NPWT is also known to cause the rupture of blood ves-
sels, leading to hemorrhage in peripheral wounds. The
cause may be the negative pressure—induced mechanical
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deformation and a hypoperfusion of exposed, delicate
structures resulting in damage to and tears in the blood
vessels walls. NPWT is known to mechanically deform
the wound edges'*" and alter microvascular blood flow
around the wound.'*"®

The aim of the present study was to examine the effects
on pressure transduction to the wound bed and blood flow
through a large blood vessel during continuous NPWT
with rigid discs of different designs inserted between the
wound filler and the wound bed. We hypothesized that the
placement of a rigid disc, able to withstand the forces of
negative pressure, over an artery that is exposed in the
wound bed could offer protection from hypoperfusion.

Materials and Methods
Animals

Eight healthy domestic pigs of both sexes, with a mean
body weight of 70 kg, were used in the study. The animals
were fasted overnight with free access to water. The
experimental protocol for this study was approved by the
Ethics Committee for Animal Research, Lund University,
Sweden. All animals received humane care in compliance
with the European Convention on Animal Care.

Anesthesia

An intramuscular injection of xylazine (Rompun vet 20
mg/mL; Bayer AG, Leverkusen, Germany; 2 mg/kg) mixed
with ketamine (Ketaminol vet 100 mg/mL; Farmaceutici
Gellini SpA, Aprilia, Italy; 20 mg/kg) was used for pre-
medication. Intravenous catheters were inserted into the
auricular veins of both ears. Anesthesia was then induced
with intravenous sodium thiopental (Pentothal;, Abbott
Scandinavia, Stockholm, Sweden; 10-12 mg/kg) and main-
tained with a continuous infusion of fentanyl (Leptanal;
Lilly, France; ~3.5 pg/kg/h) in Ringer’s acetate or buffered
2.5% glucose (250-500 mL/h), in combination with sodium
thiopental (~400 mg/h), delivered via an infusion pump
(Compact Perfusor, Braun, Melsungen, Germany). After
orotracheal intubation using a 7.0 mm diameter cuffed
endotracheal tube, the pig was connected to a rebreathing
circuit (Servo 900C; Siemens-Elema AB, Solna, Sweden)
and its lungs ventilated mechanically in the volume-
controlled mode (65% N_O, 35% O,). Ventilatory settings
were identical for all animals (respiratory rate = 15 breaths/
min; minute ventilation = 10 L/min). A positive end-
expiratory pressure of 5 cm H,O was applied. A Foley
catheter was inserted into the urinary bladder through a
suprapubic cystostomy. The animals remained anesthetized
during the entire experiment, which lasted for approxi-
mately 8 hours. On completion of the experiment, a lethal
dose of potassium chloride was administered intravenously.

Wound Treatment

A 6-cm long wound was created over the femoral artery
in the pig’s groin. The exposed artery was approximately
6 cm in length. Tissue was removed to simulate a true
open wound. Two intracranial tissue pressure microsen-
sors (Codman ICP monitoring system, Johnson &
Johnson Professional Inc-Codman, Henrico, VA) were
sutured to the bottom of the wound, beside the artery, for
recording of the pressure on the wound bed. The wound
was sealed for NPWT using open-pore polyurethane
foam. A laser Doppler probe (Probe 457, Perimed,
Stockholm, Sweden) was inserted through a 2-cm inci-
sion, 5 cm distal to the NPWT-treated wound, to measure
the distal blood flow in the femoral artery using a Perimed
PF5010 LDPM unit (Perimed). After preparation of the
wound, the blood flow was allowed to stabilize at atmo-
spheric pressure for 1 hour. Wound bed pressure and
femoral artery blood flow were recorded before and after
the application of continuous negative pressure at —80
and —120 mm Hg using a custom-built vacuum source.
The pressures used were consistent with clinical practice.
The blood flow was recorded as arbitrary perfusion units
(PU) and is presented here as percent of baseline values
(before the application of negative pressure). Blood flow
was recorded in probes showing a baseline blood flow
between 0 and 300 PU. Values above 300 PU were
excluded as they exceed normal physical blood flow,
hence they were considered artificial. Blood flow was
measured before and after the placement of a disc. The
immediate effects of negative pressure were studied. The
experimental setup is shown in Figure 1A and B.

The effects on blood flow through the femoral artery
and pressure transduction to the wound bed after insertion
of different rigid discs between the wound bed and the
foam wound filler were investigated. The blood flow
through the femoral artery was studied in the same wound,
with and without a disc. Every wound thereby served as
its own control.

The discs were 6 cm in diameter, millimeter-thin, made
of plastic, and rigid enough to withstand the forces of the
negative pressure. The discs were not commercially avail-
able. The discs were created with or without channels (to
accommodate exposed sensitive structures such as blood
vessels and nerves), perforations and a thin layer of open-
pore structure black polyurethane foam covered the under-
side of the discs (to facilitate pressure transduction and
fluid evacuation). The various combinations of discs and
dressings are shown in Figure 2.

Calculations and Statistics

Calculations and statistical analysis were performed
using GraphPad 5.0 software (San Diego, CA). Results
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Figure I. (A) Photographs and (B) schematic illustration of the experimental setup for measuring wound bed pressure and

femoral artery blood flow

Two pressure sensors were sutured to the bottom of the wound.A laser Doppler probe was inserted through a 2-cm incision,
5 cm distal to the wound, to measure the blood flow in the femoral artery. The wound was treated with NPWT in the absence
(control) or presence of rigid barrier discs of different designs.Wound bed pressure and distal blood flow was measured before

and after application of NPWT at =80 or =120 mm Hg.

are presented as the mean of 8 measurements + the stan-
dard error of the mean. Statistical analysis was performed
using Student’s ¢ test when comparing 2 groups and
ANOVA with Dunn’s test for multiple comparisons when
comparing 3 groups or more. Grubb’s test was used to
identify outliers (6 outliers were found and excluded).
Significance was defined as P < .05.

Results
Pressure on the Wound Bed
The wound bed pressure was similar in control wounds

(filled with foam only) and wounds in which dressing-
covered discs had been placed over the wound bed. Typical

values were —46 + 6 mm Hg for control wounds and
—48 + 6 mm Hg for a dressing-covered, perforated disc,
when —80 mm Hg was applied, P> .30 (Figure 3). Pressure
transduction to the wound bed was similar for all the
dressing-covered discs studied, that is, perforated and non-
perforated discs, with and without channels (Figure 3,
P > 30). However, the pressure transfer to the wound bed
was impaired (—20 = 6 mm Hg when treated at —80 mm
Hg, P=.011) when using a bare disc (ie, without a dressing).

Blood Flow in the Femoral Artery

Similar decreases in blood flow were seen in the femoral
artery, 5 cm distal to the control wound when continuous
NPWT was applied at =80 and —120 mm Hg (-8 + 4%
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Figure 2. Schematic illustration of the dressings and discs
used in the experimental setup

The upper illustration shows the surface of the disc from
above, and the lower illustration shows a cross section of the
foam wound filler and the underlying disc.

at —80 mm Hg and —8 + 4% at —120 mm Hg, P > .30).
After the insertion of a protective disc, the blood flow
increased as NPWT was applied (eg, 8 = 4% at —80 mm
Hg for a dressing-covered, perforated disc, P = .016).
All discs had similar effects on blood flow (P > .30). See
Figure 4 for detailed results.

Discussion

When NPWT is applied to a wound with exposed blood
vessels or vascular grafts there is risk of damage to or
rupture of these delicate structures, probably because of
the mechanical deformation and/or hypoperfusion of the
structures induced by NPWT. We placed rigid discs over
the wound bed to minimize the mechanical deformation
of the wound bed tissue and exposed structures, in this
case the femoral artery. Our results show that negative
pressure is distributed evenly over the wound surface
when the underside of the disc is covered by a porous
dressing. Furthermore, all discs had similar positive
effects on blood flow.
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Figure 3. Wound bed pressure during NPWT at —80 and
=120 mm Hg

Measurements were performed in the presence of foam only
(control) and under various kinds of discs. Results are means
+ SEM of 8 experiments. Note that the wound bed pressure
was similar in the control wound and in those with dressing-
covered discs, but significantly less under the bare disc.

Pressure Delivery to the Wound Bed

The undersides of the discs were covered with a thin layer
of open-pore foam, and then a perforated, soft, nonadher-
ent wound contact layer was added in most of the cases.
A contact layer allows the negative pressure to be distrib-
uted evenly over the wound surface; it also aids in
removal of wound fluid from beneath the disc. The pres-
sure transduction to the wound bed using dressing-covered
discs was similar to that in the control wound without a
disc. However, the pressure transfer to the wound bed was
impaired when using a bare disc (ie, without a dressing),
which most probably is because of the fact that there is no
open structure wound dressing to allow the pressure to be
distributed into the space underneath the disc.
Interestingly, the pressure on the wound bed was of a
similar magnitude regardless of whether the rigid disc
was perforated or not, suggesting that pressure trans-
duction occurs in the dressing that covers the disc as
well as through the perforations of the disc. The wounds
in the present study were 6 cm in diameter, and it cannot
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Figure 4. Change in blood flow in the femoral artery when
NPWT was applied at —80 and —120 mm Hg

Measurements were performed in the presence of foam only (control)
and under various kinds of discs. Results are expressed as the percent
change compared with the baseline before the application of negative
pressure and are mean + SEM of 8 experiments.

be deduced whether the same results regarding pressure
transduction to the wound bed would have been
obtained if larger rigid discs had been used. Presumably,
as the size of the disc increases the importance of hav-
ing perforations in the disc would also increase, to
allow pressure transmission to, and fluid removal from,
the wound bed.

It cannot be deduced from the present study whether
the presence of a rigid barrier disc may limit the wound
healing at the wound bed because of the formation of
residual dead space and fistulac. We believe that it is of
the utmost importance that pressure is transduced to the
underside of the disc and distributed evenly over the
wound bed in order to facilitate drainage of effluents
and thereby hinder the formation of residual dead space,
which may be a source of infection and fistulae forma-
tion. To maximize the pressure distribution over the
wound bed it is our strong belief that the disc should
be perforated and also covered with an open structure
dressing that has the properties of distributing negative
pressure to all parts of the wound.

Blood Flow in the Femoral Artery

Blood flow through the femoral artery decreased when
NPWT was applied to the control wounds. This finding is
in line with previous reports where the perfusion of the
superficial wound bed tissue decreases during NPWT.'*!¢?
The reason for the decrease in blood flow may be the com-
pression of superficial tissue or structures that are exposed
in the wound, leading to the collapse of the vasculature,
being either the microvasculature'™'*!"” or a larger artery
(as in the present study). Compression of a large blood
vessel may reduce the blood flow to the blood vessel wall
itself, via vasa vasorum, and reduce the blood flow to
more distal tissues that are supplied by the artery.

Thus, the damage to blood vessels or vascular grafts
reported during NPWT® may be caused both by hypoperfu-
sion of the blood vessel wall (leading to necrosis) and by
tearing forces exerted by the negative pressure. Anastomoses
are known to be extra sensitive to hypoperfusion and tear-
ing, and NPWT may cause graft failure with ensuing bleed-
ing complications. Hypoperfusion and mechanical forces
may also cause complications in wounds with other
exposed delicate structures, such as nerves.

In the present study we inserted a rigid disc between
the wound bed and the foam filler, which facilitated blood
flow through the artery. The disc was rigid to provide a
mechanical barrier to hinder the compression force that
arises when the wound filler is pushed against the wound
bed by the negative pressure. We have previously demon-
strated that a rigid barrier protects against mechanical
deformation of other cardiovascular structures during
NPWT. In sternotomy wounds, the heart is sucked up
toward the sharp edges of the split sternum and deformed
by these wound edges when negative pressure is applied.
Placement of a rigid barrier disc underneath these edges
hinders this mechanical deformation of the heart."

We have previously studied blood flow through large
arteries and found that the blood flow through the mam-
mary artery was not altered when applying NPWT to a
sternotomy wound.”® The reason for the difference
between the findings in the present study and those in our
previous study is probably that the mammary artery is
embedded in tissue, and it is more than 3 cm away from
the wound subjected to negative pressure therapy, while
the artery in the present study was in direct contact with
the dressings to which negative pressure was applied. It
has been shown that the compressive forces exerted by
NPWT extend less than 2 cm into the wound bed tissue."
From a clinical point of view, this means that sensitive
structures only require protection during NPWT when
they are located in close proximity to the wound bed. In
clinical practice, protective discs may not be necessary in
all wounds, and their use should be weighed against the
positive effects of NPWT in accelerating wound healing.
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The presence of a disc probably prevents the microme-
chanical effects of the NPWT on the wound bed, which in
turn might slow the speed of granulation tissue formation.

Limitations

It should be noted that the aim of the present study was
to examine the effects on blood flow through a large
blood vessel during NPWT and see the effects of the
presence of a rigid disc. The effect of a rigid disc on
wound healing can therefore not be deduced from the
present study. A future study for monitoring granulation
tissue formation would be valuable. Another limitation of
the study is the short time frame of monitoring the blood
flow and the wound bed. The risk of potential problems,
such as pressure erosion from the contact between the
wound bed, the blood vessel, and a rigid disc, has not
been evaluated here.

Conclusions and Clinical Implications

Blood flow through a large artery exposed in a wound
bed decreases when NPWT is applied. The placement of
a rigid disc over the blood vessel restores blood flow,
presumably by alleviating the compressive forces exerted
by the negative pressure. A rigid disc placed over the
wound bed may be beneficial to protect vital structures,
such as blood vessels, vascular grafts, or nerves, from
damage or rupture during NPWT.
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INTRODUCTION

ABSTRACT

There are increasing reports of deaths and serious complications associated with the
use of negative pressure wound therapy (NPWT). Bleeding may occur in patients
when NPWT is applied to a wound with exposed blood vessels or vascular grafts,
possibly due to mechanical deformation and hypoperfusion of the vessel walls.
Recent evidence suggests that using a rigid barrier disc to protect underlying tissue
can prevent this mechanical deformation. The aim of this study was to examine the
effect of rigid discs on the tissue exposed to negative pressure with regard to tissue
pressure and microvascular blood flow. Peripheral wounds were created on the backs
of eight pigs. The pressure and microvascular blood flow in the wound bed were
measured when NPWT was applied. The wound was filled with foam, and rigid discs
of different designs were inserted between the wound bed and the foam. The discs
were created with or without channels (to accommodate exposed sensitive structures
such as blood vessels and nerves), perforations, or a porous dressing that covered the
underside of the discs (to facilitate pressure transduction and fluid evacuation). When
comparing the results for pressure transduction to the wound bed, no significant
differences were found using different discs covered with dressing, whereas pressure
transduction was lower with bare discs. Microvascular blood flow in the wound bed
decreased by 49 = 7% when NPWT was applied to control wounds. The reduction in
blood flow was less in the presence of a protective disc (e.g., =6 = 5% for a dressing-
covered, perforated disc, p = 0.006). In conclusion, NPWT causes hypoperfusion of
superficial tissue in the wound bed. The insertion of a rigid barrier counteracts this
effect. The placement of a rigid disc over exposed blood vessels or nerves may protect
these structures from rupture and damage.

systems,* and the importance of protecting exposed organs
and sensitive issue has also been emphasized in the interna-

There are increasing numbers of reports of deaths and serious
complications associated with the use of negative pressure
wound therapy (NPWT).'= Bleeding is the most serious com-
plication, mainly occurring in patients with exposed blood
vessels or vascular grafts (such as femoral and femoral-
popliteal grafts), in sternal and groin wounds, in patients
receiving anticoagulant therapy, and during the removal of
dressings adhered to or imbedded in the tissue.* The applica-
tion of negative pressure treatment to exposed nerves and
blood vessels is currently contraindicated because of the risk
of damage. These tissues are, however, often subject to nega-
tive pressure due to the lack of alternative, effective treat-
ments. In November 2009, the Food and Drug Administration
filed an alert on serious complications associated with NPWT

Wound Rep Reg (2012) 20 611-616 © 2012 by the Wound Healing Society

tional scientific literature.”®

Heart rupture, bypass graft bleeding, and death are devas-
tating complications of NPWT, the incidence being 4-7% for
patients treated with NPWT for mediastinitis after cardiac
surgery.”® We have previously used magnetic resonance
imaging in pigs to describe the reason for heart rupture during
NPWT.! The heart was shown to be sucked up toward the
thoracic wall and when the right ventricle bulged into the
space between the sharp sternal edges, these protruded into
the anterior surface of the heart causing rupture.'” These
events were not prevented by the insertion of soft, nonadhe-
sive wound contact layers, whereas the insertion of a rigid
disc between the anterior part of the heart and the inside of the
thoracic wall was successful in offering protection.'*"



NPWT with a rigid barrier disc

Yet another theory regarding the mechanisms responsible
for heart rupture in conjunction with NPWT is that adhesions
between the thin-walled right ventricle and the sternum
are exposed to shearing forces when NPWT is applied.”
However, this problem can be remedied by freeing the sternal
edges from adherences that have been formed following
surgery. Furthermore, a rigid disc has also been successful in
preventing lung rupture.'

NPWT is also known to cause rupture of blood vessels and
subsequent bleeding complications in peripheral wounds.
The reason for this may be the negative pressure-induced
mechanical deformation and hypoperfusion that result in
damage and tears of the blood vessel walls. NPWT mechani-
cally deforms the wound edges'*'"* and alters microvascular
blood flow around the wound.'®*” We hypothesized that the
placement of a rigid disc that is able to withstand the forces of
negative pressure over the wound bed could reduce blood flow
changes and mechanical deformation, thereby protecting
blood vessels and nerves that are exposed during NPWT. The
aim of the present study was thus to examine the effect of
NPWT on wound bed pressure and microvascular blood flow
when rigid barrier discs of different designs were inserted
over the wound bed (under the foam wound filler).

MATERIALS AND METHODS

Animals

Eight healthy domestic pigs of both sexes, with a mean body
weight of 70 kg, were used in the study. All of the animals
were fasted overnight with free access to water. The experi-
mental protocol for this study was approved by the Ethics
Committee for Animal Research, Lund University, Sweden.
All animals received humane care in compliance with the
European Convention on Animal Care.

Anesthesia

An intramuscular injection of xylazine (Rompun® vet.
20 mg/mL; Bayer AG, Leverkusen, Germany; 2 mg/kg)
mixed with ketamine (Ketaminol® vet. 100 mg/mL; Farma-
ceutici Gellini SpA, Aprilia, Italy; 20 mg/kg) was used for
premedication. Intravenous catheters were inserted into the
auricular veins of both ears. Anesthesia was then induced with
intravenous sodium thiopental (Pentothal®; Abbott Scandina-
via, Stockholm, Sweden; 10-12 mg/kg) and maintained with
a continuous infusion of fentanyl (Leptanal®; Lilly, Suresnes,
France; ~3.5 pg/kg/hour) in Ringer’s acetate or buffered 2.5%
glucose (250-500 mL/hour) in combination with sodium
thiopental (~400 mg/hour), delivered via an infusion pump
(Compact Perfusor; Braun, Melsungen, Germany). After
orotracheal intubation using a 7.0-mm-diameter cuffed endo-
tracheal tube, the pig was connected to a rebreathing circuit
(Servo 900C; Siemens-Elema AB, Solna, Sweden), and its
lungs ventilated mechanically in the volume-controlled mode
(65% N,O, 35% O,). Ventilatory settings were identical for all
animals (respiratory rate, 15 breaths/minute; minute ventila-
tion, 10 L/minute). A positive end-expiratory pressure of
5 cmH,O was applied. A Foley catheter was inserted into
the urinary bladder through a suprapubic cystostomy. The
animals remained anesthetized during the entire experiment.
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Upon completion of the experiment, a lethal dose of potas-
sium chloride was administered intravenously.

Wound treatment

The animals were placed in the prone position. Six circular
wounds, 6 cm in diameter and extending into muscle tissue,
were created on each pig’s back. Open-pore polyurethane
foam was used as wound filler. A drain was connected to the
vacuum source. The wound was then sealed with a transparent
adhesive drape. After preparation of the wounds with NPWT
dressings, the blood flow at the wound edges was allowed to
stabilize for 1 hour. Negative pressure (-80 mmHg) was then
applied using a custom-built vacuum source.

The effects of inserting different rigid discs between the
wound bed and the foam wound filler were investigated. The
barrier discs were circular in shape, 6 cm in diameter and
1 mm thin. They were made of clear polyurethane plastic and
rigid enough to withstand the forces of the negative pressure.
The discs were created with or without 5-mm-wide channels
(to accommodate exposed sensitive structures such as blood
vessels and nerves), perforations (pore size 2 mm), or a
porous dressing that covered the underside of the discs (to
facilitate pressure transduction and fluid evacuation). The per-
forations were distributed evenly across the surface of the
discs with 5-mm intervals. All of the disc designs were used in
each individual wound. The various combinations of discs
and dressings are shown in Figure 1.

Wound bed pressure

The negative pressure on the wound bed, underneath the
wound filler, was measured using two different techniques:
four saline-filled pressure catheters connected to a custom-
built pressure gauge and four intracranial tissue pressure
microsensors (Codman ICP monitoring system; Codman/
Johnson and Johnson Professional Inc., Raynham, MA). The
saline-filled pressure catheter with the custom-built pressure
gauge showed similar results as the intracranial tissue pres-
sure microsensors. The tips of two saline-filled pressure cath-
eters and two intracranial tissue pressure microsensors were
sutured to the bottom of the wound at a position that allowed
measurement of the pressure under a channel when using
discs with channels, while the other catheters were sutured
between the channels. The pressure, expressed as the mean
value of the data from all of the eight probes, was recorded
before and after the application of negative pressure.

Microvascular blood flow

Microvascular blood flow was measured by laser Doppler
velocimetry, which allows the blood flow to be measured
continuously. A four-channel Perimed PF5010 LDPM unit
(Perimed, Stockholm, Sweden) was used. Four laser Doppler
filament probes (Probe 418-1; Perimed) were inserted 0.5 cm
into the superficial wound bed tissue, a position where blood
flow is well known to be reduced by NPWT.'*?!22 When using
discs with channels, the probes were placed at a position that
allowed measurement of the blood flow directly under the
channel. Laser Doppler recordings are continuous. To mini-
mize the risk of measuring artifacts, the positions of the laser
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Dressing-covered,
perforated disc

Dressing-covered,
perforated disc
with channels

Dressing-covered
disc with channels

Figure 1. Schematic illustration showing a cross section of a
wound filled with (A) only foam (control), (B) a bare disc (not
covered with dressing), (C) a dressing-covered disc, (D) a
dressing-covered, perforated disc, (E) a dressing-covered disc
with channels, and (F) a dressing-covered, perforated disc with
channels.

Doppler probes were adjusted after the application of negative
pressure until they represented an area of hypoperfusion.
Blood perfusion values were measured after reaching steady
state, which normally occurred after 1 minute. Laser Doppler
recordings were then performed before and after the applica-
tion of —80 mmHg. The results are recorded as arbitrary per-
fusion units (PU) and are presented here as a percentage of the
baseline values (before application of negative pressure), cal-
culated as means of the four measurements that were made in
every wound.

Limitations

In the present study, the short-term effects on wound bed
pressure and microvascular blood flow during NPWT with a
rigid barrier were examined. In this acute wound model, the
wound fluid is of low viscosity and easily removable by
suction. A chronic wound is probably more prone to wound
fluid stagnation because wound fluid becomes more viscous
with time, blood coagulates, and adherences that hinder wound
fluid removal may be formed. The use of a perforated disc may
therefore be of special importance in the clinical setting.

‘We only used discs with the exact same size as the wound.
However, in clinical practice, the rigid barrier only needs to be
placed over sensitive tissue structures. It cannot be deduced
from the present study how a disc only the half or the fifth of
the size of the wound bed will perform. It is probable that
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mechanical deformation of the wound bed will only take
place where there is not a rigid disc. It is important to main-
tain the largest possible macrodeformation in order not to
interfere with the beneficial treatment effects, but still protect
exposed vessels and nerves. Hopefully, this can be achieved
with a relatively small disc that covers only the fragile struc-
tures and their close surroundings.

We believe that the material in the closest proximity to the
wound bed should consist of either foam or gauze, as these
materials have shown to enhance the formation of granulation
tissue in several studies. We also believe that a layer of either
foam or gauze is important to facilitate transportation of fluid
from underneath the disc and out of the wound cavity.

However, the exclusion of non—dressing-covered discs sup-
plied with perforations or channels limits our ability to draw
any greater conclusions regarding the possible differences
between dressing-covered and non-—dressing-covered discs.
This would require further studies.

Laser Doppler velocimetry was used for perfusion mea-
surements. This methodology has been subject to much
debate. Indeed, it is sensitive for all kinds of movement and
has a small sampling area, and therefore the small volume of
tissue investigated may have a blood flow higher or lower than
the immediate surrounding area owing to variation in vascular
density. However, the advantage of continuous measurements
makes it a valuable tool. It lacks the drawbacks of alternative
methods, such as the need for a direct line of sight and low
resolution. Thus, the overwhelming majority of research con-
ducted on perfusion changes due to NPWT have used laser
Doppler. It is imaginable that the rigid disc affects the laser
Doppler readings, but because it is possible to monitor the
blood flow changes on-screen any interference may easily be
detected.

It should be noted that until further studies on humans have
been performed, use of the discs in the clinical setting cannot
be encouraged.

Calculations and statistics

Calculations and statistical analysis were performed using
GraphPad 5.0 software (San Diego, CA). Blood flow results
are presented as the percent change upon negative pressure
application, compared to the baseline values. Results are pre-
sented as mean of eight experiments = the standard error of
the mean. 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. p <0.05 was considered
statistically significant.

RESULTS

Pressure on the wound bed

We found no significant difference in wound bed pressure
when comparing dressing-covered discs with control wound
(filled only with foam).

Typical values were —56 * 6 mmHg in control wounds
and —55 = 6 mmHg for dressing-covered, perforated discs,
p>0.30 (Figure 2). Pressure transduction to the wound bed
was similar for all dressing-covered discs studied, i.e., both
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Figure 2. Wound bed pressure during negative pressure
wound therapy at —-80 mmHg measured using intracranial
tissue pressure microsensors sutured to the bottom of the
wound. Measurements were performed in the presence of
foam only (control), and under the various kinds of discs (D/C
indicates that the disc was covered with dressing). The bars
illustrate means * standard error of the mean (n=28). Note
that the only significant change in pressure transfer is from the
“bare disc.” The wound bed pressure was similar in the
control wound and those with dressing-covered discs. n/s, not
significant.

perforated and nonperforated discs, with and without chan-
nels (Figure 2; p > 0.30). Furthermore, for the discs with
channels, the pressure was similar under and between the
channels. When using a rigid disc without dressing, the pres-
sure transfer to the wound bed was impaired (-26 = 6 mmHg,
p =0.013 compared with control).

Wound bed microvascular blood flow

When NPWT was applied, blood flow in the wound bed
decreased by 49 * 7% in control wounds. When a disc was
inserted, the decrease in blood flow was less pronounced,
which is shown in Figure 3. The presence of the various
dressing-covered discs (perforated and nonperforated discs
with and without channels) resulted in similar reductions in
blood flow (p > 0.30), whereas results for the bare disc devi-
ated showing both hyper- and hypoperfusion (2 * 21%,
p =0.022 compared with control).

DISCUSSION

When NPWT is applied to a wound with exposed blood
vessels or vascular grafts, there is a risk of damage to these
delicate structures. This is probably due to the mechanical
deformation and/or hypoperfusion induced by NPWT, but it
could also be due to infection or inflammation induced by the
interface material. The insertion of a rigid barrier has been
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proposed as a protective measure against mechanical defor-
mation. In the present study, we examined the effect of NPWT
on wound bed pressure and microvascular blood flow when
different types of rigid barrier discs had been inserted
between the wound bed and the wound filler.

Pressure delivery to the wound bed

The rigid discs were covered on the underside, with a thin
layer of open-pore foam and a perforated, soft, nonadherent
wound contact layer. The reason for this covering was to
allow the negative pressure to be distributed evenly over the
wound surface and to allow the removal of wound fluid from
under the disc. Our results show that this dressing covering on
the underside of the disc allowed pressure transfer to the
wound bed that was not significantly different compared with
the control wound, where only a foam wound filler was used.

The wounds in the present study were 6 cm in diameter. It
cannot be deduced whether the same results regarding pres-
sure transduction to the wound bed would be obtained if a
larger rigid disc would be used (as would probably be the case
for a larger wound).

Microvascular blood flow in the wound bed

For several years, there have been discussions regarding if
the decrease in blood flow during NPWT is desirable or
not.'®*?23 On the one hand, a decrease in blood flow may
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Figure 3. Microvascular blood flow in the superficial tissue of
the wound bed, upon the application of negative pressure
wound therapy at—80 mmHg. Measurements were performed
in the presence of foam only (control), and under the various
kinds of discs (D/C indicates that the disc was covered with
dressing). Results are expressed as the percent change com-
pared to the baseline, and the bars represent means =
standard error of the mean (n=8). n/s, not significant.
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be desirable as wound healing factors released in response to
hypoperfusion are strong stimulators of angiogenesis and
granulation tissue formation. Also, compression of the wound
wall may tamponade superficial bleeding during surgical pro-
cedures.” On the other hand, in poorly vascularized wounds
(e.g., superficial flaps or wounds in diabetics), hypoperfusion
may cause critical ischemia. Similarly, in wounds with
exposed delicate structures, such as blood vessels or nerves,
hypoperfusion may cause necrosis, rupture of blood vessels,
or the failure of graft anastomosis with ensuing bleeding
complications. In the present study, we show that the insertion
of a rigid disc between the wound bed and the foam wound
filler reduces the hypoperfusion caused by NPWT, thereby
facilitating blood flow. This may offer means of protecting
delicate structures from hypoperfusion and ischemia when
exposed in a wound requiring NPWT.

NPWT causes contraction and mechanical deformation of
the wound bed tissue."*'* Macromechanical effects (such as
wound contraction) are typically distinguished from micro-
mechanical effects (which are due to the interaction of tissue
and dressing at a microscopic level).” The mechanical stress
on the wound bed may cause tears and damage to any exposed
sensitive structure, such as blood vessels or nerves. In the
present study, we found that the blood flow reduction was less
pronounced when a rigid disc protected the wound bed. This
may be the result of mechanical shearing forces on the wound
bed being protected.

The hypoperfusion effect by the rigid discs was not affected
by the presence of perforations. The mechanism underlying a
reduction in hypoperfusion without a reduction in pressure
cannot be deduced from the present study and can only be
speculated upon. The mechanism by which NPWT decreases
blood flow in superficial tissue has recently been pinpointed.
The tissue pressure, 1 cm from the wound edge, has been
shown to increase upon application of negative pressure,”*
the reason being that the wound filler is pushed into the tissue
by the negative pressure. This “pushing” effect” is probably not
affected by the disc having perforations or not.

The impact of the disc design

Presumably, as the size of the disc increases, the importance
of perforations in the disc in allowing pressure transmission
to, and fluid removal from, the wound bed increases. Further-
more, in a clinical situation, there may be wound fluid stag-
nation in a wound for several reasons, e.g., increased viscosity
with time, coagulated blood, and the formation of adherences
that hinder wound fluid removal. The removal of wound
debris and exudate is of great importance both in an infected
wound and when there is a risk for creation of an encapsulated
infection. The discs used in the present study were rather
small. Larger discs probably need perforations for adequate
fluid removal, thus minimizing the risk of fluid stagnation
beneath the discs. Nonperforated discs were included in the
study for scientific reasons only. For the reasons stated, we
believe that only perforated discs will be used clinically in the
future (although this is solely speculative).

The tissue surrounding an NPWT-treated wound affects the
mechanical effects of the therapy. Dense tissue, such as
pigskin, will resist compression. Muscle tissue, on the other
hand, is less dense and will be compressed to a greater extent.
No data exist regarding the correlation between tissue type
and the magnitude of micro- and macrodeformation, but it
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seems reasonable that the tissue type may affect the wound-
healing outcome.

Likewise, the mechanical forces are different in a soft
peripheral wound compared with that in a sternotomy wound.
In a study by Malmsj et al.,'’ four layers of paraffin gauze
failed to prevent the deformation of the heart upon application
of NPWT, whereas a rigid disc prevented shape changes in the
heart and maintained separation between the heart and the
sharp sternal edges. This has implications for the therapy, and
it may be speculated if gauze alone may be sufficient for
protection in smaller wounds.

Limitations of the Study

Two out of four dressing-covered discs created an alleviation
of the hypoperfusion compared with control wound. However,
when examining the effect of the dressing-covered disc with
channels and perforations, as well as the dressing-covered disc
without perforations, there was no significant difference com-
pared with control. The reason for this cannot be deduced from
the present study. It may be a result of the difference in disc
design, where the channels and/or perforations affect the pres-
sure transduction, which then also affects the blood flow in the
wound bed.

Another explanation for the nonsignificant results is that it
may be a type 2 error and larger sample size may be one way
to explore this possibility.

Conclusions and clinical implications

A rigid barrier may be a beneficial protective measure in
wounds with exposed structures (blood vessels, vascular
grafts, nerves, etc.) that are at risk for damage when NPWT is
applied. We show that the placement of a rigid disc over the
wound bed counteracts hypoperfusion in the superficial
wound bed tissue, perhaps as a result of the prevention of
mechanical stress and deformation of the wound bed. The risk
of ischemia is thereby reduced. In clinical practice, it should
only be necessary to place a rigid barrier over structures
needing protection. Protective discs may not be necessary in
all wounds, and it should be remembered that the biological
effects of NPWT, which are beneficial in accelerating wound
healing, are altered in the presence of a rigid disc.
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The influence on wound
contraction and fluid
evacuation of a rigid disc
inserted to protect exposed
organs during negative
pressure wound therapy
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influence on wound contraction and fluid evacuation of a rigid disc inserted to protect exposed organs during
negative pressure wound therapy. Int Wound J 2011; 8:393-399

ABSTRACT

The use of a rigid disc as a barrier between the wound bed and the wound filler during negative pressure wound
therapy (NPWT) has been suggested to prevent damage to exposed organs. However, it is important to determine
that the effects of NPWT, such as wound contraction and fluid removal, are maintained during treatment despite
the use of a barrier. This study was performed to examine the effect of NPWT on wound contraction and fluid
evacuation in the presence of a rigid disc. Peripheral wounds were created on the backs of eight pigs. The wounds
were filled with foam, and rigid discs of different designs were inserted between the wound bed and the foam.
Wound contraction and fluid evacuation were measured after application of continuous NPWT at —80 mmHg.
Wound contraction was similar in the presence and the absence of a rigid disc (84 & 4% and 83 + 3%,
respectively, compared with baseline). Furthermore, the rigid disc did not affect wound fluid removal compared
with ordinary NPWT (e.g. after 120 seconds, 71 = 4 ml was removed in the presence and 73 & 3 ml was removed
in the absence of a disc). This study shows that a rigid barrier may be placed under the wound filler to protect
exposed structures during NPWT without affecting wound contraction and fluid removal, which are two crucial
features of NPWT.
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Key Points

as wound contraction and fluid
removal are crucial attributes
of NPWT in accelerating wound
healing, this study was per-
formed to investigate if these
features are affected by the
presence of a rigid barrier
inserted to protect underlying
tissue

eight healthy domestic pigs of
both sexes, with a mean body
weight of 70 kg, were used in
the study

in addition, to investigate if
pressure transduction and fluid
evacuation in the wounds could
be facilitated, perforations in
the discs or a porous dressing
that covered the underside of
the discs were also tested

Protective disc and wound contraction/fluid evacuation

INTRODUCTION

One of the mechanisms by which negative
pressure wound therapy (NPWT) is believed
to promote wound healing is by inducing
mechanical deformation of the wound edge
tissue (1-3). The mechanical effects exerted by
NPWT on the wound bed are thought to
result in shearing forces at the wound-dressing
interface that affect the cytoskeleton (4) and
initiate a cascade of biological effects, including
stimulation of angiogenesis, changes in blood
flow to the wound margins (5,6), promotion
of granulation tissue formation and wound
healing (2). Indeed, it has been shown that early
changes in the size of a wound are correlated
to the rate of healing (7).

The removal of exudate is also thought to
promote wound healing during NPWT (1-3).
The exudate in a chronic wound may impede
the wound healing process as it contains
elevated levels of inflammatory cytokines
and proteolytic enzymes (8). NPWT allows
continuous removal of wound fluid, thus
preventing the accumulation of inhibitory
factors (9) and exerting a positive influence on
the healing process.

There are increasing numbers of reports on
deaths and serious complications associated
with the use of NPWT (10-12). Bleeding is
one of the serious complications that may
arise, occurring in patients with exposed blood
vessels or vascular grafts (such as femoral and
femoral-popliteal grafts), as well as in sternal
and groin wounds (13,14). The application of
negative pressure to nerves and blood vessels
is currently contraindicated because of the
risk of damage. These tissues are, however,
often exposed to NPWT because of the lack
of other effective treatments. In November
2009, the Federal Drug Administration filed
an alert concerning this issue (13), and the
importance of protecting exposed organs and
sensitive tissues has also been emphasised in
the international scientific literature (15-18).
The insertion of a rigid barrier over organs
and other sensitive structures exposed to
NPWT has been suggested as a protective
measure (14,19).

As wound contraction and fluid removal
are crucial attributes of NPWT in accelerating
wound healing, this study was performed to
investigate if these features are affected by the
presence of a rigid barrier inserted to protect
underlying tissue.

MATERIALS AND METHODS
Animals

Eight healthy domestic pigs of both sexes, with
a mean body weight of 70 kg, were used in
the study. The animals were fasted overnight
with free access to water. The experimental
protocol for this study was approved by
the Ethics Committee for Animal Research,
Lund University, Sweden. All animals received
humane care in compliance with the European
Convention on Animal Care. Anaesthesia was
administered as described previously (20).

Wound treatment
Circular wounds, 10 cm in diameter and 4 cm
deep (below the level of the skin, extending
into subcutaneous tissue), were created on
the pig’s back. Open-pore polyurethane foam
(VAC® black GranuFoam®, KCI, San Antonio,
TX) was used as wound filler. The effects
on fluid removal and wound contraction
when inserting rigid discs of different types
between the wound bed and the wound filler
were investigated. The discs were 6 cm in
diameter, millimeter-thin, made of plastic and
rigid enough to withstand the forces of the
negative pressure. To test if the discs could
accommodate exposed sensitive structures
(such as blood vessels and nerves), discs
with or without channels (i.e. grooves in the
disc) were used. In addition, to investigate if
pressure transduction and fluid evacuation in
the wounds could be facilitated, perforations
in the discs or a porous dressing that covered
the underside of the discs were also tested.
After placing a disc and the foam in
the wound, the wound was sealed with a
transparent, adhesive drape. A flat Jackson-
Pratt drain was connected to the vacuum
source and continuous NPWT at —80 mmHg
was applied.

Wound contraction and fluid removal
Distances between wound edges were mea-
sured in two orthogonal directions and the
wound surface area was calculated. Measure-
ments were performed before and after the
application of NPWT at —80 mmHg. The
degree of wound contraction is expressed as a
percentage of the original area, before pressure
application.

Physiological saline solution (100 ml) was
infused through the NPWT dressing-sealed
wound using a needle attached to a syringe.
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Fluid removal

Contraction

Figure 1. Photos of the experimental setup used to measure
wound contraction (left) and fluid removal (right). The distance
between the wound edges was measured in two orthogonal
directions, and the wound surface area was calculated before
and after the application of negative pressure. Contraction is
expressed as a percentage of the initial wound surface area. In
the fluid removal experiments, 100 ml saline was infused under
the negative pressure wound therapy (NPWT) dressing using
a needle attached to a syringe. Negative pressure was then
applied, and the amount of fluid evacuated into a canister was
weighed every 5 seconds for 2 minutes.

The needle was inserted through the skin a
few centimetres away from the wound edge
and entered the wound from the side, with the
tip placed underneath both the NPWT dress-
ing and the rigid disc. Negative pressure at
—80 mmHg was then applied and maintained
for the whole duration of the measurements.
Fluid was evacuated into a canister placed
on a scale. The amount of fluid evacuated
by NPWT was weighed every 5 seconds for
the next 2 minutes. The experimental setup is
depicted in Figure 1 and has been described
previously (20).

Calculations and statistics

Calculations were performed using Graph-
Pad 5.0 software (San Diego, CA). Statistical
analysis was performed using the Mann-Whit-
ney test when comparing two groups and the
Kruskal-Wallis test with Dunn’s post-test for
multiple comparisons when comparing three
groups or more. Significance was defined as
P < 0-05. All differences referred to in the text
are statistically significant. Results are pre-
sented as means of eight experiments + the
standard error of the mean (SEM).

RESULTS

Wound contraction

The degree of wound contraction was similar
with and without the rigid discs. For example,
the wound surface area decreased to 83 & 3%
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Figure 2. Wound contraction during negative pressure wound
therapy (NPWT) at —80 mmHg in a porcine peripheral wound
model. Measurements were performed in the presence of foam
only (control), and with various kinds of protective discs, as
described in the text. The change in wound surface area is
expressed as a percentage of the initial area (mean + SEM of
eight experiments).

of the initial size when negative pressure
was applied using only foam (control) and
to 84 & 4% in the presence of a disc (in this case
a dressing-covered, perforated disc, P = n.s.).
No difference was seen between the various
discs tested. See Figure 2 for detailed results.

Fluid drainage

The fluid that had been injected in the
wound was evacuated upon the application
of negative pressure. The amount of fluid
that was removed increased gradually during
the first 30 seconds and then levelled off.
Both the rate of fluid removal and the total
volume of fluid removed were similar in the
absence and presence of the rigid discs. For
example, 73 & 3 ml had been removed after 2
minutes of treatment when using only foam
(control) and 71 & 4 ml had been removed in
the presence of the disc (in this case a dressing-
covered, perforated disc, P = n.s.). There was
no difference between the various discs tested.
See Figure 3 for detailed results.

DISCUSSION

The use of a rigid barrier between the wound
bed and the NPWT wound filler has been
suggested as a protective measure to reduce
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Figure 3. Wound fluid removal during negative pressure
wound therapy (NPWT). Measurements were performed in the
presence of foam only (control), and with various kinds of
protective discs, as described in the text. 100 ml saline was
infused into the wound. A continuous negative pressure of —80
mmHg was then applied and the amount of fluid evacuated
into the canister was measured using a scale. The results are
presented as mean values + SEM of eight experiments.

the risk of damage to exposed structures in the
wound bed because of mechanical shearing
forces. Wound contraction and fluid removal
are crucial attributes of NPWT, leading to the
acceleration of wound healing, and this study
was performed to examine the effect on these
mechanisms in the presence of a rigid disc.

Mechanical effects of NPWT

It is widely believed that one of the funda-
mental effects of negative pressure delivery to
the wound bed is the induction of mechani-
cal deformation of the tissue. Macromechan-
ical effects, such as wound contraction, are
typically distinguished from micromechanical
effects which are due to the interaction of tis-
sue and dressing at a microscopic level (7).
These actions are thought to result in a cas-
cade of inter-related biological effects, includ-
ing the promotion of periwound blood flow,
removal of bacteria, and stimulation of granu-
lation tissue formation, as originally defined in
the works of Evans and Land (5) and Greene
et al. (6) and reviewed in the study of Lavery
et al. (7). The degree of wound contraction, that
is, macro-deformation, was not affected by the

presence of a protective disc. This is an impor-
tant finding as wound contraction is believed
to be a fundamental effect of NPWT (21-23).
This mechanical effect is believed to result in
shearing forces at the wound-dressing inter-
face that affect the cytoskeleton (4) and initiate
a signalling cascade that ultimately leads to
granulation tissue formation and wound heal-
ing. The cellular and molecular events that
take place are not known in detail, but they are
probably initiated by cell deformation and then
result in changes in ion concentration and the
permeability of ion channels, the release of sec-
ond messengers, the stimulation of molecular
pathways and changes in gene expression (24).
Growth factor pathways are stimulated, which
results in mitosis (25,26) and the production of
new tissue (3).

Fluid removal

The reduction in wound fluid volume during
NPWT in the presence of a rigid disc was
also studied. Fluid was injected in the wound
and the rate of removal upon application
of negative pressure was examined. It was
found that the rate of fluid removal and
the total volume removed after 2 minutes
were similar regardless if a rigid barrier
disc was present or not. Likewise, pressure
measurements performed in another study
showed that the wound bed pressure was
similar in control wounds (filled only with
foam) and wounds in which discs had been
placed over the wound bed (data not shown).
All the infused fluid could not be removed
from the wound, regardless of the disc type
used. It is obvious that some wound fluid
will remain in the wound regardless of the
treatment. The rate of wound fluid removal is
of importance as the removal of wound exudate
is believed to be a main feature of NPWT,
helping to accelerate wound healing. The
importance of wound fluid removal has been
emphasised in previous studies (1-3). Removal
of exudate during NPWT greatly reduces
the amount of non bound soluble factors (3).
Chronic wound fluid is known to inhibit cell
proliferation (27,28), and chronic inflammation
is associated with a vicious cycle in which
inflammatory cells secrete cytokines, which
in turn attract more inflammatory cells (29).
At the molecular level, this has been shown
to be associated with an imbalance between
the concentration of proteases (e.g. MMP-3,
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MMP-9), protease inhibitors (e.g. TIMP-1)
and pro-inflammatory cytokines (e.g. TNF-
a, IL-1B) (30-32). Scherer et al. (21) reported
that pro-MMP levels were reduced during
NPWT, as well as during a 10-day follow-up
period. 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 (33).

The impact of the disc design

The reason for using perforated discs was to
facilitate the removal of wound fluid and debris
from underneath the disc. The non perforated
discs were included in the study to examine if
lateral fluid displacement takes place beneath
the discs. In a clinical situation, there may be
wound fluid stagnation in a wound for several
reasons, for example, increased viscosity with
time, coagulated blood, and the formation of
adherences that hinder wound fluid removal.
The removal of wound debris and exudate
is of great importance, both in an infected
wound and when there is a risk for creation
of an encapsulated infection. As discussed
previously, the amount of wound fluid that
was removed was similar regardless if the
disc was perforated or not. However, the discs
used in this study were rather small. Larger
discs probably need perforations for adequate
fluid removal, thus minimising the risk of fluid
stagnation beneath the discs. We believe that
only perforated discs will be used clinically in
the future.

Clinical implications

The use of a protective disc can prevent
complications such as tissue damage and vessel
rupture. This study shows that the use of such
a disc has no effect on wound contraction or
the removal of exudate, both central features to
wound healing during NPWT. For the clinician
it is important to remember that when a disc
is used to cover an exposed structure, such
as a blood vessel, part of the wound will be
in direct contact with the wound filler (as in
ordinary NPWT) and part of the wound bed
will be in contact only with the protective disc.
The structure and properties of the material in
direct contact with the wound bed determine
the effects of NPWT on new tissue formation.
The disc has a smooth structure, and we expect
to see granulation tissue formation that is
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similar to that in a wound bed covered with
a non adherent wound contact layer (34,35),
that is, less granulation tissue than in a wound
bed that has been in direct contact with the
wound filler (36). It is therefore important to
use protective discs only when indicated, that
is, when there is a need to protect exposed
structures. It is also important to cover only
the structures in need of protection, allowing
as much of the wound bed as possible to be in
contact with the filler.

Limitations

The risk that the introduction of a rigid
biomaterial into a wound may create problems
must be taken into account and minimised.
Creating the rigid disc with flexible edges is
one way to reduce the risk for visceral rupture.
The use of a perforated disc, which allows fluid
removal, is one way to minimise the risk for
fluid stagnation and infection. In this study, the
short-term effects on wound contraction and
fluid evacuation during NPWT with a rigid
barrier were examined. In this acute wound
model, the wound fluid is of low viscosity
and easily removable by suction. A chronic
wound is probably more prone to wound
fluid stagnation as wound fluid becomes
more viscous with time, blood coagulates and
adherences that hinder wound fluid removal
may be formed. The use of a perforated disc
may therefore be of special importance in the
clinical setting. An advantage with having
perforations of the disc is to allow the transfer
of negative pressure through the disc instead of
around the edges of the disc, which otherwise
may be a point of sheer. Another limitation of
the study is that the experiments did not test
the device on top of major structures, that is,
vessels. This is currently being examined in a
preclinical study (not published).

Conclusions

Thereis a risk for damage of delicate structures,
such as exposed blood vessels and vascular
grafts, when NPWT is applied to a wound.
The placement of a rigid disc over the wound
bed offers protection. This study shows that
both wound contraction and fluid removal
are maintained in the presence of a rigid
disc during NPWT, and thus these wound-
healing features of NPWT are not affected by
the presence of a protective disc.
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the reason for using perforated
discs was to facilitate the
removal of wound fluid and
debris from underneath the disc
the use of a protective disc
can prevent complications such
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rupture
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with the filler

this study shows that both
wound contraction and fluid
removal are maintained in the
presence of a rigid disc during
NPWT, and thus these wound
healing features of NPWT are
not affected by the presence of
a protective disc




Protective disc and wound contraction/fluid evacuation

REFERENCES
1 Argenta LC, Morykwas MJ. Vacuum-assisted clo-
sure: a new method for wound control and
treatment: clinical experience. Ann Plast Surg
1997;38:563-76, discussion 577.

Morykwas M]J, Argenta LC, Shelton-Brown EI,
McGuirt W. Vacuum-assisted closure: a new
method for wound control and treatment: animal
studies and basic foundation. Ann Plast Surg
1997;38:553-62.

Morykwas MJ, Simpson ], Punger K, Argenta A,
Kremers L, Argenta J. Vacuum-assisted clo-
sure: state of basic research and physiologic
foundation. Plast Reconstr Surg 2006;117(7
Suppl):1215-6S.

Saxena V, Hwang CW, Huang$S, Eichbaum Q,
Ingber D, Orgill DP. Vacuum-assisted closure:
microdeformations of wounds and cell prolif-
eration. Plast Reconstr Surg 2004;114:1086-96,
discussion 1097-8.

Evans D, Land L. Topical negative pressure for
treating chronic wounds: a systematic review.
Br J Plast Surg 2001;54:238—42.

Greene AK, Puder M, Roy R, Arsenault D, Kwei S,
Moses MA,  Orgill DP.  Microdeformational
wound therapy: effects on angiogenesis and
matrix metalloproteinases in chronic wounds
of 3 debilitated patients. Ann Plastic Surg
2006;56:418-22.

Lavery LA, Barnes SA, Keith MS, Seaman JW,
Armstrong DG. Prediction of healing for post-
operative diabetic foot wounds based on
early wound area progression. Diabetes Care
2008;31:26-9.

Schultz GS, Sibbald RG, FalangaV, Ayello EA,
Dowsett C, Harding K, Romanelli M, Stacey MC,
Téot L, Vanscheidt W. Wound bed preparation:
a systematic approach to wound management.
Wound Repair Regen 2003;11 Suppl 1:51-528.

Moués CM, Van Toorenenbergen AW, Heule F,
Hop WC, Hovius SE The role of topical negative
pressure in wound repair: expression of bio-
chemical markers in wound fluid during wound
healing. Wound Repair Regen 2008;16:488-94.

10 Bapat V, El-Muttardi N, Young C, VennG, Rox-
burgh J. Experience with vacuum-assisted clo-
sure of sternal wound infections following car-
diac surgery and evaluation of chronic com-
plications associated with its use. J Card Surg
2008;23:227-33.

11 Ennker IC, Malkoc A, Pietrowski D, VogtPM,
Ennker ], Albert A. The concept of negative
pressure wound therapy (NPWT) after post-
sternotomy mediastinitis — a single center expe-
rience with 54 patients. J Cardiothorac Surg
2009;4:5.

12 Sartipy U, LockowandtU, Gabel], JideusL,
Dellgren G. Cardiac rupture during vacuum-
assisted closure therapy. Ann Thorac Surg
2006;82:1110-1.

Sullivan N, Snyder DL, Tipton K, Uhl S, Schoelle
KM. Negative pressure wound therapy devices.
Technology assessment report. Rockville, MD:
Agency for Healthcare Research and Quality,
2009.

[N}

&)

'S

o

o

~

®

©

—
@

14 Petzina R, Malmsjo M, Stamm C, Hetzer R. Major
complications during negative pressure wound
therapy in poststernotomy mediastinitis after
cardiac surgery. ] Thorac Cardiovasc Surg
2010;140:1133-6.

15 Gustafsson RI, Sjogren J, Ingemansson R. Deep ster-
nal wound infection: a sternal-sparing technique
with vacuum-assisted closure therapy. Ann Tho-
rac Surg 2003;76:2048-53, discussion 2053.

16 Hersh RE, Jack JM, Dahman MI, Morgan RF, Drake
DB. The vacuum-assisted closure device as a
bridge to sternal wound closure. Ann Plast Surg
2001;46:250—4.

17 Malmsjo M, Ingemansson R, Sjogren J. Mechanisms
governing the effects of vacuum-assisted clo-
sure in cardiac surgery. Plast Reconstr Surg
2007;120:1266-75.

18 Sjogren], Malmsjo M, Gustafsson R, Ingemans-
son R. Poststernotomy mediastinitis: a review
of conventional surgical treatments, vacuum-
assisted closure therapy and presentation of
the Lund University Hospital mediastinitis algo-
rithm. Eur J Cardiothorac Surg 2006;30:898-905.

19 Malmsjo M, Petzina R, Ugander M, Engblom H,
Torbrand C, Mokhtari A, Hetzer R, Arheden H,
Ingemansson R. Preventing heart injury during
negative pressure wound therapy in cardiac
surgery: assessment using real-time magnetic
resonance imaging. J Thorac Cardiovasc Surg
2009;138:712-7.

20 Borgquist O, Ingemansson R, Malmsjo M. The influ-
ence of low and high pressure levels during
negative pressure wound therapy on wound
contraction and fluid evacuation. Plast Reconstr
Surg. In press.

21 ChenSZ, LiJ, LiXY, XulLS. Effects of vacuum-
assisted closure on wound microcirculation: an
experimental study. Asian J Surg 2005;28:211-7.

22 Etoz AQOY, Ozcan M. The use of negative pressure
wound therapy on diabetic foot ulcers: a prelim-
inary controlled trial. Wounds 2004;16:264-9.

23 Campbell PE, Smith GS, Smith JM. Retrospective
clinical evaluation of gauze-based negative pres-
sure wound therapy. Int Wound J 2008;5:280-6.

24 Silver FH, Siperko LM. Mechanosensing and mech-
anochemical transduction: how is mechanical
energy sensed and converted into chemical
energy in an extracellular matrix? Crit Rev
Biomed Eng 2003;31:255-331.

25 Austad ED, Thomas SB, Pasyk K. Tissue expan-
sion: dividend or loan? Plast Reconstr Surg
1986;78:63-7.

26 Olenius M, Dalsgaard CJ, Wickman M. Mitotic
activity in expanded human skin. Plast Reconstr
Surg 1993;91:213-6.

27 Bucalo B, Eaglstein WH, Falanga V. Inhibition of
cell proliferation by chronic wound fluid. Wound
Repair Regen 1993;1:181-6.

28 Grinnell F, Zhu M. Identification of neutrophil
elastase as the proteinase in burn wound fluid
responsible for degradation of fibronectin. J
Invest Dermatol 1994;103:155-61.

29 Mast BA, SchultzGS. Interactions of cytokines,
growth factors, and proteases in acute and

© 2011 The Authors
© 2011 Blackwell Publishing Ltd and Medicalhelplines.com Inc



Protective disc and wound contraction/fluid evacuation

chronic wounds. Wound Repair Regen 1996;4:
411-20.

30 Wysocki AB, Staiano-Coico L, Grinnell F. Wound
fluid from chronic leg ulcers contains elevated
levels of metalloproteinases MMP-2 and MMP-9.
J Invest Dermatol 1993;101:64-8.

31 Yager DR, Chen SM, Ward S, Olutoye OO, Diegel-
mann RF, Cohen IK. Ability of chronic wound
fluids to degrade peptide growth factors is asso-
ciated with increased levels of elastase activity
and diminished levels of proteinase inhibitors.
Wound Repair Regen 1997;5:23-32.

32 Ladwig GP, Robson MC, Liu R, Kuhn MA,
Muir DF, Schultz GS. Ratios of activated
matrix metalloproteinase-9 to tissue inhibitor
of matrix metalloproteinase-1 in wound fluids
are inversely correlated with healing of pressure
ulcers. Wound Repair Regen 2002;10:26-37.

33 Tarlton JF, Bailey AJ, Crawford E,Jones D, Moore K,
Harding KD. Prognostic value of markers of

© 2011 The Authors
© 2011 Blackwell Publishing Ltd and Medicalhelplines.com Inc

collagen remodeling in venous ulcers. Wound
Repair Regen 1999,7:347-55.

34 Blakely M, Weir D. The innovative use of Safetac
soft silicone in conjunction with negative
pressure wound therapy: three case studies.
Poster at SAWC 2007.

35 Dunbar A, Bowers DM, Holderness H Jr. Silicone
net dressing as an adjunct with negative pres-
sure wound therapy. Ostomy Wound Manage
2005;51(11A Suppl):21-2.

36 Malmsjo M, IngemanssonR. Similar biological
effects of green and black polyurethane foam
in negative pressure wound therapy: green foam
facilitates monitoring of wound status, bleeding
and exudate. 20th Conference of the European
Wound Management Association; 2010 May
26-28; Geneva, Switzerland.









