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Abstract

Negative pressure wound therapy (NPWT) has been widely adopted for the treatment
of deep sternal wound infections due to its excellent clinical outcome. However,
the mechanisms of action and effects on hemodynamics have not been thoroughly
elucidated. The aims of the work presented in this thesis were, therefore, to examine
the effects of NPWT on sternotomy wounds and on the intrathoracic organs. An
uninfected porcine sternotomy wound model was used in all studies.

The studies showed that negative pressure is transmitted only to tissues that are in direct
contact with the foam dressing and not to deeper parts of the wound or thoracic cavity.

AsNPWT wasapplied, a transient increase was seen in the plasmalevels of norepinephrine
and epinephrine, followed by an increase in the adrenergic co-transmitter neuropeptide
Y, which may reflect the effect of NPWT on the intrathoracic organs. Increased levels of
the sensory nerve transmitter substance P may result from shearing forces arising from
the mechanical effects of the negative pressure.

Magnetic resonance imaging showed that cardiac output increased while the cardiac
pumping efliciency decreased following sternotomy, and then returned to pre-
sternotomy values when the negative pressure resealed the thorax. NPWT contracts the
wound and causes macrodeformation of the wound edge tissue. This may contribute
to the clinical benefits of NPWT over open-chest treatment, including the stabilizing
effect and reduced need for mechanical ventilation.

The results of the present work underline the importance of correct placement of the
wound filler with regard to pressure transmission. The findings also reduce concerns that
NPWT could impair cardiac output, and emphasize the beneficial effects of temporary
closure provided by NPWT on restoring the intrathoracic anatomy.



Summary in Swedish

Populirvetenskaplig sammanfattning

Bakgrund

En dll fem procent av de patienter som genomgar Sppen hjirtkirurgi fir en
efterféljande infektion i operationssiret och brostbenet. Infektionen kan leda till
allvarliga komplikationer sisom blodforgiftning, organsvikt och i virsta fall dll att
patienten avlider. De traditionella metoder som anvinds for att behandla den hir
typen av infektion har visat sig ha en hog dodlighet, i vissa studier upp till tjugofem
procent. Undertrycksbehandling ir en relativt ny behandlingsmetod som effektiviserar
likningsprocessen och minskar dédligheten drastiskt.

Innan undertrycksbehandlingen pabdrjas maste patienten sévas och det infekterade
saret Oppnas. Infekterad och dod vivnad samt stdltradar och suturer tas bort. Séret fylls
upp med ett sarfyllnadsmaterial kallad skumsvamp som har en ppen strukeur for ate
kunna fortplanta undertrycket. Saret ticks direfter med en sjilvhiftande plast for att
det ska bli lufttdtt. En slang frin skumsvampen kopplas till en vakuumpump och nir
denna sitts pd bildas ett undertryck i saret som dras ihop och sérvitska sugs ut. Siret
efter hjdrtkirurgi 4r stort och komplicerat och det 4r viktigt att se till sd att organen i
brostkorgen (t.ex. hjirtat) inte paverkas negativt av undertrycket.

Malséiittning

Milet med denna avhandling har varit att utforska effekterna av undertrycksbehandling
pa siret och organen i brostkorgen. Samtliga studier 4r gjorda pd nersévda grisar.
Valet av forsoksdjur har styrts av att anatomin pa bréstkorgen hos grisar 4r mycket lik
minniskans.

Resultat och diskussion

Studie I visar att undertrycket bara nar de delarna av saret som star i direkt kontakt med
skumsvampen, d.v.s. sirkanterna och framsidan av hjirtat. Undertrycket nar siledes
inte djupare ner i brostkorgen. Detta kan forklara fynden i studie III dir vi visar att
den sarvitska som finns i botten pa bréstkorgen inte sugs upp av undertrycket. Nir
patienterna ror sig mellan férbandsbytena 4r det dock troligt att vitskan s smaningom
forflyteas i riktning mot sdrdppningen sa att den kan sugas upp. Det viktiga att ta med
sig av studie I 4r att skumsvampen maste placeras i alla delar av saret dir likningseffekter
onskas. Fynden i studie I talar ocksi for att det bildas en tryckskillnad mellan den
frimre och den bakre delen av hjirtat. Detta leder till att hjirtat sugs upp mot det
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uppsigade brostbenet och det finns en risk for ate hjirtat skadas nir det stoter mot de
vassa benkanterna. Just nu pagar intensiv forskning for att ta fram en platta som kan
laggas som skydd 6ver hjirtat.

Studie II visar att nivin av vissa stresshormoner dkar i blodet vid undertrycksbehandling
av sar efter hjirtkirurgi. Orsaken till denna 6kning 4r okind men skulle kunna
forklaras av forindringar av de anatomiska forhallandena i bréstkorgen da siret sluts
av undertrycksbehandlingen. Studie II visar ocksa att i samband med behandlingen
okar utsondringen av hormoner som kan bidra till inflammation och smirta. Okad
utsondring av dessa amnen kan bero pé att det uppstir dragkrafter mellan siret och
skumsvampen nir undertrycket kopplas pd. Det ar tyvirr vanligt att patienten har ont
av behandlingen och undertrycksnivan far da minskas.

Tidigare studier har visat att undertrycksbehandling leder till en forsimring av hjirtats
pumpfunktion. Detta dr nigot som har oroat likarna eftersom manga patienter som
genomgar hjirtkirurgi redan har ett svagt hjirta. I studie III har vi med hjilp av MR-
kamera (magnetresonans-kamera) mitt hjirtats pumpfunktion. Resultaten visar att den
mingd blod som hjirtat pumpar varje minut okar da brostkorgen 6ppnas under en
operation, for att sedan dtergd mot det normala nir brostkorgen stings av sugkrafterna
i undertrycksbehandlingen. Studie III visar ocksa att hjirtats och lungornas volymer
okar da brostkorgen 6ppnas, for att atergd mot sina ursprungsvolymer nir undertrycket
kopplas pa. Sammantaget sa aterskapar undertrycksbehandlingen brostkorgens anatomi
och hjirtfunktion och stabiliserar brostkorgen. Detta gor att patienten inte behéver ligga
i respirator utan kan réra sig fritt pa avdelningen och dirmed aterhimta sig snabbare.

I studie IV visar vi, med hjilp av MR-kamera, hur undertrycksbehandlingen drar ihop
saret i brostkorgen. De dragkrafter som uppstar i sarkanterna tror vi leder till att vivnad
nybildas och siret liker.

Konklusion

Denna avhandling ger 6kad kunskap om undertrycksbehandlingens effekter pé siret
och organen i bréstkorgen. Undertrycket drar ihop saret, vilket sannolike stabiliserar
brostkorgen och stimulerar sirlikningen. Tyvirr si utsitts hjirtat for en sugkraft
som kan vara skadlig och det pigar intensiv forskning for att skydda hjirtat vid
undertrycksbehandling. Som tur 4r sd paverkas inte hjirtats pumpfunktion i nimnvird
grad av behandlingen. Istillet sa dterskapas de ursprungliga anatomiska och fysiologiska
forhallandena. Vi hoppas att denna nyvunna kunskap kan komma patienterna till nytta
i framtiden.
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1. Introduction

1.1.  Negative pressure wound therapy

Vacuum therapy was introduced by Bier in 1908, and has now been in use by clinicians
for the treatment of open wounds for over a century.' Fleischmann and colleagues * described
more contemporary use of vacuum suction to promote healing in 1993 following the
successful use of this technique in 15 patients with open fractures. Four years later,
Morykwas and Argenta were the first to try to explain the observed clinical effects using
a pig model.’ Since then, thousands of research articles have been published on the
subject.

Commonly used synonyms for negative pressure wound therapy (NPWT) are vacuum-
assisted closure therapy, vacuum sealing therapy and topical negative pressure therapy.
NPWT is being increasingly used to treat hard-to-heal wounds and is today used
worldwide in almost every surgical discipline (trauma surgery,* orthopedic surgery,’
general surgery,® vascular’ and thoracic surgery,® plastic surgery,’ pediatric surgery,'
urology,'" and gynecology'?). Examples of wounds that can be treated with NPWT are
traumatic orthopedic® and soft tissue wounds'?, skin grafts,” flaps,'* decubitus ulcers,”
venous leg ulcers,'® vascular surgery wounds,” diabetic foot ulcers,”” burns,'® wound
dehiscence following abdominal' and thoracic surgery,® and surgical infections.?

Before negative pressure is applied the wound is filled with a porous material — most
commonly, gauze or polyurethane foam.”’ Hermetic sealing of the wound with an
adhesive drape prevents entry of air from the environment. Drainage tubes are used
to connect the wound to a vacuum source. Suction is applied by the vacuum pump
and subatmospheric pressure is propagated through the wound filler to the wound
bed, leading to the removal of exudate. Vacuum pumps have been designed to make
the treatment as safe as possible, including alarms for leakage (to ensure the wound
does not dry out if it is not properly sealed) and occlusion (to ensure that the negative
pressure environment is not compromised). The fluid collection canister is visually
inspected to monitor drainage and to detect bleeding.



1.2.  Sternotomy wounds

The most commonly used incision in cardiac surgery is the midline sternotomy,*
providing access for most operations involving the heart and the great vessels. The
surgical technique was first described by Dr. H Milton in “The Lancet” in 1897,% and
has been the standard approach for open-heart surgery since 1957.* % An incision
extending from the midpoint between the angle of Louis and the sternal notch to below
the xiphoid process is made in the skin with a scalpel (Figure 1). This is followed by
a diathermy incision through the subcutaneous tissue down to the sternum, which is
divided using a standard pneumatic sternal saw (Figure 1). The pericardium is opened
anteriorly to expose the heart.”” ** The most common procedure in heart surgery is
coronary artery bypass grafting, followed by valve repair and replacement surgery.” The
standard procedure for closing the sternal incision is to use wire sutures to secure the
sternum.”>*’ In general, two wire sutures are placed around the manubrium and four

are placed around the edges of the body of the sternum. The wound is then fully closed
by sutures in the pre-sternal fascia and in the skin.

Figure 1.%° The incision made for a median sternotomy (A). Median sternotomy being performed with a
sternum saw (B).



1.3.  Postoperative deep sternal wound infection

Postoperative deep sternal wound infection (DSWI) or mediastinitis, postcardiotomy
heart failure and stroke are regarded as the three most serious complications after
open-heart surgery.” Although the incidence of postoperative DSWT is relatively low,
between 1 and 5 percent in recent reports,**34
from 8 to 25 percent.** * Furthermore, postoperative DSWTI is associated with high
morbidity,®> 3¢ decreased long-term survival,®*” prolonged length of hospital stay*” and
increased cost of care.*®

its associated early mortality rate varies

1.3.1. Pathogenesis

The organisms most commonly isolated in infected sternotomy wounds after
cardiac surgery are gram-positive bacteria, especially Staphylococcus epidermidis and
Staphylococcus aurens.®*' Both belong to the normal flora of the skin and the patient’s
skin is the major source of endogenous contamination of the surgical wound.*> However,
antibiotic-resistant organisms, such as methicillin-resistant Staphylococcus aureus,
reflecting hospital flora, are becoming more common. *' Gram-negative organisms
and fungal infections are infrequently incriminated in DSWI.% 4

It has been proposed that median sternotomy wound infection starts like osteomyelitis
in other bones, with a localized area of sternal osteomyelitis without any external
signs.® % Sternal separation is seen in a few days. Others believe that the key event in
the development of postoperative DSWT is sternal instability, followed by seepage of
bacteria from the surface of the skin into deeper layers.”” Another suggestion for the
pathogenesis of DSW1 is insufficient mediastinal drainage, leading to a large retrosternal
collection of wound fluid acting as a culture medium for bacterial growth.*®

1.3.2. Diagnosis

According to the guidelines of the Centers for Disease Control and Prevention® the
diagnosis of mediastinitis requires at least one of the following:

1. an organism isolated from culture of mediastinal tissue or fluid obtained
during surgery or needle aspiration,

2. evidence of mediastinitis seen during surgery or by histopathological
examination, or

3. one of the following: fever (>38°C), chest pain, or sternal instability AND
any of the following: a) purulent drainage from mediastinal area, b) an
organism isolated from blood culture or culture of drainage fluid from the
mediastinal area, or ¢) mediastinal widening on X-ray examination.



The typical signs and symptoms of acute infection are not always present in mediastinitis
and fever and leukocytosis may be the only clinical features encountered in a small
percentage of patients.*® Wound discharge is the most common clinical presentation
(Figure 2).°%* Mediastinitis should always be suspected in patients with unexplained
slow postoperative recovery. Bimanual alternating chest compression, to reveal sternal
instability, sternal movements or sternal clicks, is the most important and useful
diagnostic maneuver.”® Laboratory investigations can be helpful in confirming the
clinical suspicion of mediastinitis, but there is no single test that can definitely exclude
a sternal infection.* Blood cultures should be performed in patients with a temperature
above 38°C after the first 48 hours following operation.” Chest X-rays are rarely
helpful in the early diagnosis of mediastinitis.”* Chest computed tomography scanning
with mediastinal aspiration may provide valuable information both for diagnostic
purposes” and for planning future management.”® However, it can sometimes be
difficult to differentiate postoperative tissue changes from early inflammatory tissue.”
A multidisciplinary approach is thus recommended in the diagnosis of mediastinitis.

Figure 2.% Poststernotomy mediastinitis with sternal dehiscence, devitalized soft tissue and wound secretion.



1.3.3. Prevention

Prevention of infection begins prior to surgery with the identification of patient-
related risk factors. Obese patients should be asked to reduce their weight prior to
surgery if possible, and efforts should be made to optimize lung function. Preoperative
recommendations include hair removal and bathing with chlorhexidine to disinfect
the patient’s skin immediately before surgery.”” All the members of the surgical team
must adhere strictly to hygienic standards. Prophylaxis using intravenous B-lactam
antibiotics (cephalosporins or in Sweden most commonly isoxazolyl-penicillins) during
surgery and for up to 48 hours postoperatively, is routinely practiced.”® > Operative
recommendations include appropriate aseptic surgical technique including gentle
tissue handling, avoidance of ischemia and necrosis, hemostasis, adequate removal
of devitalized tissue, elimination of any dead space, judicious use of diathermy and
bone wax, appropriate use of drains and suture materials and correct postoperative

management of the incision.®¢?

1.3.4. Risk factors

Many risk factors have been identified as being predictive of sternal wound infection
following heart surgery, and are divided into preoperative, operative and postoperative
as follows.

Preoperative

e  Obesity”” 636

e Diabetes mellitus®® 7!

e Chronic obstructive pulmonary disease® ¢ 773

64,70

e  Male gender

o  Smoking?! 6 6574

e Impaired left ventricular ejection fraction <40%3" %3¢

e Renal failure”””

e Cardiac resuscitation (external massage)’>’®

e Immunosuppression”



Operative
e Inadequate sterility”

e Paramedian sternotomy*®

¢ DProlonged operative time** ¢

o Use of bilateral internal mammary artery grafts? 34 647072

e Increasing number of grafts*
e Reoperation, e.g. for bleeding®

e Re-do surgery®

e Transfusion® ¢80

e  Use of diathermy and bone wax®* ¢

e Incorrect technique for sternal closure®*

e Emergency surgery™

Postoperative
e Prolonged mechanical ventilation®"”?
e Reoperation, e.g. for bleeding®

e Re-do surgery®

e Transfusion3® ¢80

e Cardiac resuscitation (external massage)’®’®
e Prolonged stay in the intensive care unit®

Combinations of risk factors have an additive effect, e.g. bilateral internal mammary
artery grafting in a patient suffering from diabetes increases the risk of postoperative
DSWI five times.*® 7° Therefore, identification of high-risk patients is an important first
step in preventing this feared complication.

1.3.5. Classification

Sternal wound infections can be superficial, confined to the subcutaneous tissue, or
deep; the latter being defined as wound infections associated with sternal osteomyelitis
with or without infected retrosternal space.® Postoperative DSWI can be classified
according to several different systems, e.g. those of Schulman® and Jones.* The most
commonly used system in the literature published in English is that of El Oakley and
Wright (Table 1).*® According to this system, postoperative DSWTI is classified into five
different subtypes based on the time of first presentation, the presence or absence of
risk factors, and whether previous therapeutic attempts have failed.*® Morbidity and
mortality rates increase from type I to type V.

6



Table 1. Classification of deep sternal wound infections in patients undergoing cardiopulmonary bypass

grafting according to El Oakley and Wright.

Class Description
Type I DSWT presenting within two weeks of operation in the absence of risk factors
Type 11 DSWT presenting two to six weeks after operation in the absence of risk factors

Type IITA DSWI type I in the presence of one or more risk factors

Type I1IB DSWI type II in the presence of one or more risk factors

Type IVA DSWI type L, II, or III after one failed therapeutic attempt

Type IVB DSWT type L, II, or III after more than one failed therapeutic attempt

Type V DSWT presenting for the first time more than six weeks after operation

1.4. Treatment of DSWI using conventional techniques

Early diagnosis and initiation of systemic administration of broad-spectrum antibiotics
is essential in the treatment of DSWI. When DSW1 is diagnosed, the antibiotic therapy
usually involves administration of Vancocin (vancomycin) and Tienam (imipenem/
cilastatin) intravenously, which is continued until the results of the tissue cultures
become available.? Thereafter, the antibiotic therapy is adjusted according to bacterial
sensitivity and strain.”? Prolonged antibiotic therapy alone for the treatment of DSWI
is associated with high rates of mortality and morbidity and is nowadays unjustified in
the clinic.® The same applies to wound incision and drainage alone.””

Conventional treatment usually involves surgical revision with open dressings or closed
irrigation, or reconstruction with vascularized soft tissue flaps such as omentum or
pectoral muscle. These wound healing techniques may be used as a single-line therapy
or in combination with other procedures. Previously, DSWI was often treated using
a technique called open dressings or wound packing.® * When signs of DSW1I were
encountered the management strategy included complete re-opening of the sternal
incision and extensive debridement with removal of necrotic tissues, the wound was
packed with moist saline-soaked gauze and the chest was left open for one or several
days.® Dressings were changed several times daily in combination with surgical revision.
When the wound was considered clean and there was a bed of fresh granulation tissue,
the sternum was closed. This kind of open-chest treatment is associated with thoracic
instability and requires prolonged mechanical ventilation and immobilization,* leading
in turn to high mortality and long hospital stays.”® *



Shumacker and Mendelbaum were the first to describe the closed irrigation technique in
1963.”° This involved re-opening of the sternum, wound debridement, primary sternal
closure, and closed mediastinal catheter irrigation using antibiotics or 0.5% iodine.
Closed-chest irrigation systems have the advantage of a stable sternum, but show a
high degree of recurrent infection,” and unacceptably high rates of failure’*** and
mortality.*° A commonly accepted treatment for DSWI is primary, or delayed, wound
closure with vascularized soft tissue flaps. In 1976 Lee et al.” described a method in
which an omentum flap is mobilized and passed through a hole in the peritoneum
to the mediastinum (omentopexy or omentoplasty). Jurkiewicz introduced the use of
pectoralis muscle flaps in 1980 for closure of mediastinal defects.”® Others advocate the
technique employing the reversed rectus abdominis muscle flap.””

There is still little consensus regarding optimal surgical management, and a general lack
of a standard treatment protocol.”® Reconstruction with soft tissue flaps has led to a
decrease in the mortality rate in DSWI after cardiac surgery.***” However, flap-related
complications include pain, hernias, ileus, necrosis of the flaps and an unstable thoracic
cage.”!"! Major plastic surgery procedures also entail additional surgical trauma to
already weak cardiac patients. In some cases osteitis leads to sternal defects and bone
resection procedures are indicated. Sometimes, complete sternectomy is unavoidable
with subsequent instability of the thoracic cage. Reconstruction of the thorax can be
performed using various kinds of bone plates to stabilize the sternum, allowing a higher
quality of life.'>1%4

Conventional treatment has disadvantages such as destabilization of the thoracic cage,
prolonged immobilization, and substantial surgical trauma, which may be deleterious
in a compromised patient.”® 7?19 Therefore, less invasive alternatives are needed to
effectively control infection and preserve the sternum.

1.5. Treatment of DSWI using NPWT

In 1999, Obdeijn and colleagues'” first described how three patients who had developed
DSWI after cardiac surgery were successfully treated using NPWT. Four years later,
Gustafsson and colleagues'* described how the technique was used in 40 consecutive
patients with DSWT after cardiac surgery. As a result of the excellent clinical outcome,

NPWT became the method of choice for the treatment of DSWI.42 107, 108

According to Gustafsson et al.,'” NPWT can be started when clean surgical wound
conditions have been created by surgical debridement and all necrotic tissue and
infected metal implants (e.g. sternal wires) have been removed. The most commonly
used wound filler in DSWT is open-pore polyurethane foam. Three or four layers of
paraffin gauze are placed over the free wall of the right ventricle before the first layer
of polyurethane foam is positioned between the sternal edges to protect the anterior



portion of the heart and bypass grafts. The second layer of foam is placed subcutaneously,
covering the wound completely. Hermetic sealing of the wound with an adhesive drape
prevents the entry of air from the environment. Drainage tubes connect the wound to a
vacuum source designed for this purpose. The vacuum source is usually set to deliver a
continuous negative pressure of -125 mmHg (or -75 mmHg if the patient experiences
pain) (Figure 3).

Figure 3. Photographs showing the procedure for NPWT in the treatment of DSWI. The wound is
opened and debrided (A). Three or four layers of paraffin gauze are placed over the anterior portion of the
heart (B). The wound is filled with two layers of foam to allow pressure to be transmitted to the wound
(C). Drainage tubes connect the wound to a vacuum pump (D). The wound is then sealed with an adhesive
drape (E). The negative pressure is applied (F).



The wound dressing should be changed every two to four days, combined with sampling
for bacterial cultures and, if necessary, debridement of the wound." The frequency
of dressing changes is dictated by the C-reactive protein levels and dressings are
changed under aseptic conditions under general anesthesia.'” The wound environment
is normally clear, i.e., there is a decline in inflammation parameters (leukocytes and
C-reactive protein) and negative bacteriological cultures after two to four dressing
changes. The wound is considered to be free of infection when the C-reactive protein
level is in the range of 30 to 70 mg/L without confounding factors such as the presence
of tissue injury or infection elsewhere.'”” In such cases cultures should be taken from
the sternum before closure. Furthermore, visual inspection should demonstrate a
well-vascularized wound bed covered with granulation tissue. The wound can then
be closed and the sternum re-wired. Sjogren and colleagues® at the Department of
Cardiothoracic Surgery, Lund University, Sweden, have developed a protocol for the
treatment of DSWT after cardiac surgery (Figure 4). Successful delayed primary closure,
including sternal re-wiring, was possible without the use of vascularized tissue flaps in
all patients with DSWI who were treated with NPWT according to this protocol.*?

Mediastinitis with
CDC classification

|

Remove all sternal wires

Tissue cultures x 5

Sternal-sparing debridement

Gentle rinsing with saline

Apply continuous NPWT -125 mmHg
Vancocin + Tienam

Soft chest harness

After ||, 2-4 days

CRP level i: <70 mg/L CRP level i’ >70 mg/L
Remove NPWT in Remove NPWT in
operation room operation room
Re-wire sternum Renewed tissue cultures x 5
Antibiotics 4-6 weeks Sternal-sparing debridement
Chest harness Apply new NPWT foam
Antibiotics according to
l tissue cultures
2
Soft tissue flap surgery

if necessary, e.g. large
sternal defects

Figure 4. The Lund University clinical protocol for NPWT of mediastinitis. CDC, the Centers for Disease

Control and Prevention.
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1.6. Clinical outcome of NPWT versus conventional treatment

Previous studies have found that DSWI is an independent factor having a negative
influence on long-term survival after coronary artery bypass graft surgery.’> 3¢ " The
reason for this negative prognostic effect is not fully understood, but a serious systemic
infection with septic episodes may cause irreversible damage to vulnerable organs such
as the heart, kidneys, and bypass grafts.

NPWT has shown promising results on both short- and long-term survival compared
with conventional techniques. Two independent studies, one a retrospective study by
Sjogren et al.® on 101 patients with DSWI, and the other a retrospective study by Deniz
et al.''! on 90 patients with DSWI, have shown significantly lower 90-day mortality
and treatment failure in patients with DSWI who were treated with NPWT, compared
with conventional methods of treatment. The cause of all deaths was multiorgan failure
resulting from severe sepsis. Both studies also showed increased overall survival in the
NPWT group. A retrospective study by De Feo et al.''> on 157 patients supports the
finding of reduced mortality following NPWT compared to conventional treatment,
and also showed lower reinfection rates using NPWT. In contrast, no difference in long-
term survival was seen between patients treated with NPWT and closed drainage with
irrigation in a recent retrospective study by Risnes and colleagues''® on 130 patients.
They also reported failure of sternal wound healing and reinfection to be more common
in the closed drainage group. A meta-analysis by Damiani et al.""* of 321 patients
showed no significant differences in mortality between NPWT and conventional
therapy. Another retrospective study by Sjogren and colleagues'” showed that DSW1I
patients treated with NPWT may have similar long-term survival to patients without
DSWI after coronary artery bypass grafting.

Conflicting results have also been published regarding the length of hospital stay and
length of treatment. Doss et al.”” described a retrospective study demonstrating a
shorter length of stay and treatment after NPWT compared with conventional wound
management. These results were supported by a retrospective study by Simek et al.,''¢
the meta-analysis by Damiani et al.,'"* and the retrospective study by De Feo et al.!"?
However, no significant differences were seen in length of hospital stay or treatment
duration between NPWT and conventional treatment in the two studies conducted by
Sjogren et al.® and Deniz et al.''! mentioned above.

1.7.  Complications during NPWT of DSWI

The most devastating complication associated with NPWT in patients treated for DSW1I
after cardiac surgery is heart rupture and bypass graft rupture resulting in death. This

occurs in 4 to 7 percent of all cases treated with NPWT for DSWI.""7'* In 2009, our
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group identified the cause of heart rupture through an advanced series of experiments
using magnetic resonance imaging (MRI) on pigs undergoing heart surgery.'”® When
NPWT was applied the heart was displaced towards the thoracic wall and, in some cases,
the right ventricle bulged into the space between the sternal edges, causing the sharp edges
of the sternum to protrude into the anterior surface of the heart (Figure 5).'*

The surgical technique used to minimize the risk of right ventricle rupture has been
described by Gustafsson et al.'® and is explained above. Three or four layers of paraffin
gauze are placed over the anterior portion of the heart to reduce adherence between the
sternum and the right ventricle. This also protects exposed parts of the right ventricle
from the sternal edges. According to our previous study, four layers of paraffin gauze
did not prevent the deformation of the heart upon application of NPWT.'? However,
when a perforated rigid plastic disc was placed between the anterior surface of the heart
and the thoracic wall, the heart was clearly separated from the sharp sternal edges.
Furthermore, the shape of the heart was not affected by NPWT. The development and
use of a protective device in NPWT is now the subject of research by our group, as
described in the ”Current and Future Research” section at the end of this thesis.

©VEISLAND

Figure 5. A schematic illustration of a cross section of a sternotomy wound showing how the heart is

affected when NPWT is applied. The heart is sucked up and damaged by the sternum bone edges.
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1.8.  Wound closure and healing

Wound closure can be divided into three categories: primary, secondary, and tertiary.
Primary closure involves the closure of a wound within hours of its creation. Secondary
closure refers to the strategy of allowing wounds to heal on their own without surgical
closure. Zertiary wound closure, also known as delayed primary closure, involves initial
debridement of the wound for an extended period followed by formal closure by
suturing or another mechanism.'”

Wound healing is a complex and dynamic process and can also be divided into three
phases (Figure 6)."*° 7he inflammatory phase occurs immediately after the injury and
lasts approximately 6 days.'?! After initial wounding, platelets aggregate at the injury
site to form a fibrin clot to stop active bleeding.'*> Once hemostasis has been achieved,
the blood vessels dilate and become more permeable, which leads to an increase in
exudate and allows the migration of inflammatory cells involved in phagocytosis of
bacteria and debris.'*® 7he proliferative phase is the anabolic phase of wound healing; it
follows the inflammatory phase and can last up to 4 weeks.'®! This phase is characterized
by angiogenesis, collagen deposition, granulation tissue formation, re-epithelialization,
and wound contraction.'” Angiogenesis is the formation of new vasculature by
vascular endothelial cells.”*® In fibroplasia and granulation tissue formation, fibroblasts
excrete collagen and fibronectin to form a new, provisional extracellular matrix.'?
Re-epithelialization of the epidermis, in which epithelial cells proliferate, occurs
simultaneously, resulting in a thin epithelial cell layer, which bridges the wound.'*
Maturation is the final phase and occurs once the wound has closed and can last for
years.'?! This phase involves the remodeling of collagen, which is realigned along tension
lines, and cells that are no longer needed are removed by apoptosis.'**

Inflammation
100 = Proliferation
2 50 =
g, Maturation
8
£ 60 =
3
£
g -
o
5
X ‘Wound contraction
20 =
’ 0 | | I I Davs aft . -
N 4 6 8 ays after contraction 365

Figure 6. Line chart showing the various stages of wound healing.
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1.9. Effects of NPWT on sternotomy wounds and the

intrathoracic organs

The treatment of DSWI with NPWT provides a number of desirable clinical
attributes:" (Figure 7)

e closure of the wound preventing external infection,
e removal of exudate and aiding the inflow of systemic antibiotics,

e maintenance of sternal stability removing the need for mechanical ventilation,
and

e improvement of wound healing of the soft tissue components.

A detailed description of the effects of NPWT on sternotomy wounds and the
intrathoracic organs is given below.

F o —7--.”..._"3

S5

Figure 7. Illustration of a cross section of the thoracic cavity with an open sternotomy wound before
negative pressure is applied (A). lllustration showing some of the effects of the negative pressure (B). Fluid
and debris are drained from the wound. NPWT affects local blood flow, reduces wound edge edema,
and stimulates angiogenesis and granulation tissue formation (not shown). The foam is inhabited by
granulocytes, which may promote bacterial clearance, although this is currently being debated. The sternal
wound is stabilized and ventilation is facilitated (not shown). The effect of NPWT on hemodynamics is a
matter of controversy (not shown).

1.9.1. Sternal wound stabilization

The use of NPWT in the treatment of DSWI after cardiac surgery provides a stable
sternum and restoration of the thoracic cage. This reduces the need for mechanical
ventilation and enables earlier mobilization compared to conventional open-chest care.'*
NPWT also acts as a bridging therapy for reconstructive surgery, and thus provides
adequate temporary stabilization of the thorax, which enhances lung function.'?’
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Several technical aspects must be considered before applying a high negative pressure to
an open sternotomy wound. One important issue is the way in which the foam interacts
with the underlying vital structures such as the heart, lungs and bypass grafts. It has
been suggested that a less negative pressure (e.g., -75 mmHg) might lead to insufficient
sternal stability with an increased risk of organ damage." In contrast, the application
of too great a negative pressure to the mediastinum has been suggested to increase the
risk of right ventricular rupture.'” It has been shown that low negative pressures (-50
to -100 mmHg) stabilize the sternum just as efficiently as high negative pressures (-150
to -200 mmHg)."** A negative pressure of -125 mmHg is commonly used in clinical
practice today and is theoretically a safe choice.'” '* Some patients experience pain
at this level in which case it can be reduced.' The maximum positive or negative
pressure that can be induced in the thorax by, for example, breathing or coughing, is
approximately +75 mmHg."” It is thus likely that -75 mmHg is the negative pressure
threshold value that provides sternal wound stability.

1.9.2. Hemodynamic effects

Two separate studies in pigs have shown reduced cardiac pumping during NPWT. Using
a sonometric technique, Conquest and colleagues'*' showed that negative pressures of
50 and 125 mmHg immediately decreased the left ventricular volume, stroke volume,
cardiac output, and systolic blood pressure. Application of a rectus muscle flap to the
sternal wound before NPWT significantly reduced the negative hemodynamic effects.
Using MRI, our group recently showed that NPWT resulted in an immediate decrease
in cardiac output.'* Interestingly, the effects were smaller (approximately a 10 percent
decrease in cardiac output) than reported in the previous study using sonometry, where
a decrease of approximately 30 percent was observed.

Studies reporting a reduction in cardiac output have caused major concern among
cardiac surgeons, especially because many patients with DSWI after cardiac surgery
already have reduced cardiac function. Careful monitoring of the hemodynamic
function in patients undergoing sternal NPWT has been suggested, especially when
cardiac function is reduced."' However, the effect of NPWT on cardiac output has
hitherto only been studied in sternotomized pigs, and no comparison has yet been made
with pigs with an intact chest, i.e., non-sternotomized pigs. In Study III presented in
this thesis, the effects of NPWT on the cardiac pumping efficiency and the volumes
of the intrathoracic organs were investigated and a comparison made between non-
sternotomized and sternotomized pigs upon the application of different negative
pressures. The effects of NPWT of sternotomy wounds on stress hormones known to
affect the heart,' '* have also been investigated (Study II).
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1.9.3. Mechanical effects on the wound edges

NPWT pulls the wound edges together, creating shearing forces in the tissue and at the
wound—foam interface. This macrodeformation is believed to be one of the fundamental
mechanisms by which NPWT results in wound healing.'® It has also been found in
experimental wound models that the wound tissue and the wound filler material interact
on a microscopic level (microdeformation) (Figure 8)."* The wound bed is drawn into
the pores of the foam or in between the threads of the gauze. This mechanical stress
affects the cytoskeleton of the cells and promotes the expression of growth factors,
which in turn stimulate granulation tissue formation and angiogenesis.'"'*’

Several in vitro studies have been conducted that demonstrate the role of mechanical
tension and shear on the ability of cells to develop and maintain a synthetic phenotype
thatenables the formation of extracellular matrix and fibrous structural constituents.**'>
In a computerized model of vacuum-induced wound deformation, most elements were
stretched 5 to 20 percent by NPWT, which is similar to in vitro strain levels shown
to promote cellular proliferation.'® Study IV was performed to examine the effects of
NPWT on wound contraction and macrodeformation in sternotomy wounds.

Macrodeformation
Wound contraction

‘ Microdeformation -

Imprints on the tissue surface
Stretching of small tissue blebs
into the pores of the wound filler

Figure 8."% Schematic illustration explaining the deformation of the wound edge tissue during NPWT.
Macrodeformation is the effect on the bulk tissue and is dependent on the compliance of the periwound
tissues, while microdeformation implies the suction of small tissue blebs or “tissue mushrooms” into the
pores of the foam dressing.
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1.9.4. Formation of granulation tissue

Granulation tissue is the well-vascularized fibrous connective tissue that replaces a fibrin
clot in healing wounds.?' It provides a nutrient-rich matrix that allows epidermal cells
to migrate over the bed of the wound. The positive effects of NPWT on granulation
tissue formation compared to conventional moist gauze therapy were first reported by
Morykwas et al.? using a porcine back model, and their findings were later confirmed
in humans.”™ > ¢ It is now clear that granulation tissue forms faster as a result of
NPWT than with conventional forms of treatment.”” *® It is a common belief that
the introduction of the wound filler leads to the release of various chemotactic factors.
In response, neutrophils and macrophages migrate to the wound area.” The cells in
the wound bed are transformed into fibroblasts, and a surrounding collagen matrix is
formed.

1.9.5. Effect on blood flow in the wound edges

When coronary artery bypass grafting is performed, unilateral or bilateral harvesting of
the internal mammary arteries is common practice. DSWI after cardiac surgery is more
frequent when bilateral harvesting has been performed, especially in obese patients
and those with diabetes.”" ' ' One explanation of the higher risk of infection in
these patients could be that the soft tissue is poorly perfused postoperatively. Interest
has therefore been directed towards the effect of NPWT on peristernal microvascular
blood flow. Most studies on the affects of NPWT on blood flow in the wound edge
have been conducted in porcine wound models.’**'% NPWT has been shown to
stimulate the blood flow in the peristernal thoracic wall after internal mammary artery
harvesting.'®® Microvascular blood flow has been shown to increase approximately two
centimeters into the wound edge, while in the most superficial layers of the wound wall,
the microvascular blood flow was reduced (Figure 9).!¢> 14165 These effects have been
observed in both sternal and peripheral wounds.'®* ¢

The combination of increased blood flow in the peristernal soft tissue and decreased
blood flow in the superficial tissue is believed to be advantageous in the wound healing
process.” Increased blood flow may lead to improved oxygen and nutrient supply to
the tissue, as well as improved penetration of antibiotics and removal of waste products.
The mechanism underlying the increased blood perfusion in the peristernal soft tissue
is not known. It has been speculated that the negative pressure causes a pulling force in
the tissue that opens up capillaries and vascular beds, thereby increasing blood flow.”!
The mechanism underlying the reduction of blood flow in the superficial tissue has
been identified. NPWT exerts compressive forces on the tissue.'®® ' NPWT may also
be beneficial during surgical procedures as it has been shown to tamponade superficial
bleeding.'®® When tissue perfusion is reduced, angiogenic factors are released which
stimulate the formation of new blood vessels.'® This promotes granulation tissue
formation and, ultimately, wound healing.
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Muscle tissue

Sternum bone

©VEISLAND

Figure 9. Detailed illustration of a cross section of the sternal wall showing the immediate effects of the
application of NPWT (to the left in the image). Note how the pressure against the wound edge compresses
the tissue, probably resulting in edema removal. Local blood flow is reduced in the immediate proximity of
the foam (blue), whereas blood flow is increased 1 to 2 cm from the wound edge (dark red).

1.9.6. Bacterial clearance

There is a common misconception that NPWT controls or reduces the bacterial burden
in the wound. In an initial study on pig wounds inoculated with human Staphylococcus
aureus and Staphylococcus epidermidis a reduction in bacterial counts during the course
of NPWT was reported.” However, no clinical studies since then have been able to
confirm the early iz vivo findings of Morykwas et al.,”* 7> 7! and some have even
reported an increase in bacterial numbers during NPWT.'> 771172 NPWT has been
shown to cause a shift in the bacterial species towards biofilm-producing organisms
such as S. aureus and S. epidermidis.”>> 77" It has been hypothesized that occlusion
and negative pressure create relative hypoxia, thus promoting anaerobes resulting in a
shift in microorganism populations.””® The current recommendation is that NPWT
should not be used in isolation to control wound infections (www.npwtexperts.com).
An advantage of NPWT is, however, that it is a closed system that isolates the wound
and prevents contamination from the surroundings.'””
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1.9.7. Edema

After wounding, an inflammatory reaction causes tissue edema, which in turn increases
the interstitial pressure and reduces blood flow.* As a result, nutrition and oxygenation
of the wound edge are compromised, which decreases the resistance to secondary
infections and delays healing. Thus, to ensure proper healing it is important to reduce
tissue edema. NPWT causes compression of the tissue closest to the surface of the
wound, which is believed to reduce interstitial edema.'®® However, no detailed studies
have been carried out to investigate this possible effect of NPWT. Nonetheless, this is
clearly seen in the everyday clinical environment.

1.9.8. Wound drainage

Surgeons have used negative pressure suction to drain surgical wounds for many
years. This is also the basis of NPWT, but in a more controlled manner. It is believed
that active suction removes inhibitory components (e.g., proteolytic enzymes and
metalloproteinases), which have been observed at high levels in chronic wounds and
are known to degrade the extracellular matrix and delay wound healing.'”> 7 It has
also been suggested that the removal of proinflammatory cytokines, which may have
immunosuppressive effects on wounds, has a positive effect.’”> 7¢ NPWT probably
improves the wound environment, but no quantitative studies have yet been performed
to evaluate this hypothesis. The drainage of wound fluid from the deeper parts of the
thoracic cavity has been suggested as one of the positive factors promoting healing of
sternotomy wounds using NPWT."> Study I was designed to investigate the extent to
which negative pressure is transduced to the anterior portions of the heart and to deeper
parts of the thoracic cavity. In Study III the volume of the wound fluid before and after
NPWT was measured using MRI.
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2. Aims

The general aim of the work presented in this thesis was to investigate the effects of
NPWT on sternotomy wounds and the intrathoracic organs.

The specific aims were:

I.  to investigate the extent to which negative pressure is transduced to the
sternotomy wound, heart and deeper regions of the thoracic cavity during
NPWT,

II.  to investigate whether the plasma levels of certain neurohormones and
neuropeptides are affected by the application of NPWT to sternotomy
wounds,

III.  to study the effects of NPWT on the cardiac pumping efficiency and the
volumes of the intrathoracic organs using MRI, and

IV.  to investigate the effects of NPWT on sternotomy wound contraction and
wound edge tissue deformation using MRI.
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3. Materials and Methods

3.1. Animal preparation and surgical procedure

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

An uninfected porcine sternotomy wound model was used in the experiments. In total,
31 pigs were used in these studies. The animals were under full anesthesia during the
entire duration of the experiments. Detailed descriptions of the anesthesia can be found
in the respective papers.

When treating DSWI the sternotomy is re-opened and NPWT is applied between
the edges of the sternum and the soft tissue, in which case the wound filler will be in
direct contact with the heart. The heart was covered with four layers of paraffin gauze
dressing. A polyurethane foam dressing was placed between the sternal edges and two
non-collapsible drainage tubes were inserted into the foam. A second layer of foam
was placed over the first layer and secured to the surrounding skin with sutures. The
open wound was then sealed with a transparent adhesive drape. The drainage tubes
were connected to a vacuum source, which could be set to deliver a freely adjustable
continuous pressure.

3.2. DPressure measurements in the thorax

Study I was performed to investigate the extent to which negative pressure is transduced
to the heart and deeper regions of the thoracic cavity during NPWT. Seven pigs were
sternotomized. Pressure measurements in the thorax were made as follows. Three saline-
filled pressure catheters were inserted through the sternotomy wound; one was placed in
the left pleura, the second in the pericardium (under the heart) and the tip of the third
on the surface of the heart (under the foam). A fourth pressure transduction catheter
was inserted through the mouth into the esophagus so that the tip was positioned
level with the heart. The pressure catheters were connected to a calibrated custom-built

pressure gauge (Figure 10). The wound was then prepared for NPWT. The vacuum
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source was set to deliver negative pressures between -50 and -200 mmHg. The pressure
in the thorax was recorded on the anterior surface of the heart (under the foam), in the
pericardium (under the heart), in the left pleura, and in the esophagus.

Foam
Anterior surface of the heart
Sternal edge
Pericardium
Esophagus
Left pleura

Figure 10. Magnetic resonance (MR) image showing a cross section of the thoracic cavity of a pig with an
open sternotomy. Pressure transduction catheters were placed on the anterior surface of the heart (under
the foam), in the pericardium (under the heart), in the esophagus, and in the left pleura.

3.3.  Analysis of neurohormones and neuropeptides

Study II was performed to investigate whether the plasma levels of norepinephrine
and epinephrine (also called noradrenaline and adrenaline, respectively), neuropeptide
Y (NPY), substance P (SP), vasoactive intestinal peptide (VIP) and calcitonin gene-
related peptide (CGRP) are affected by NPWT in sternotomy wounds.

Norepinephrine and epinephrine are neurotransmitters and hormones produced
mainly by the chromaffin cells of the adrenal medulla and the postganglionic fibers
of the sympathetic nervous system.'"”” NPY is co-localized with norepinephrine in
sympathetic nerve terminals and is released when the rate of nerve firing is high.'®
NPY is also released from chromafhn cells in the adrenal medulla.'® NPY enhances
the effects of norepinephrine and accounts for the long-term effects of sympathetic
nerve transmission (Figure 11)." Sympathetic nerve activation triggers the fight-or-
flight response in stressful times and emergency situations.'”” As a result, blood sugar
levels rise, blood vessels constrict and the heart beats faster (together raising the blood
pressure), and blood is temporarily diverted from nonessential organs to the brain,
heart and skeletal muscles. At the same time, preganglionic sympathetic nerve endings
that weave through the adrenal medulla trigger the release of catecholamines, which
reinforce and prolong the fight-or-flight response.'””
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VIP is a co-transmitter in the parasympathetic nervous system.'” It is involved in the
autonomic regulation of the cardiovascular system, where it exerts positive inotropic and
chronotropic effects, and causes coronary vasodilatation.”” SP and CGRP are released
from primary afferent neurons upon the stimulation of pain, and act in the periphery to
stimulate vasodilatation and promote inflammation.'®'® This mechanism, known as

“neurogenic inflammation”, amplifies and sustains an inflammatory reaction.'®

For the experiments of Study III, twelve pigs were sternotomized: six were treated with
NPWT, while the other six were not (referred to as sham-treated). Blood samples were
collected from a central venous catheter before (0 minutes) and 5, 20, 60, and 180
minutes after NPWT was started, in both the NPWT and the sham-treated pigs. Blood
samples were not taken until one hour after the sternotomy to minimize the effects of
the surgical procedure on the results.

Sympathetic nerve ending @ Norepinephrine

General circulation Effects on target organs

Chromafhn cell @

secreting either @
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%
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Figure 11. Schematic drawing representing the involvement of NPY originating from the sympathetic
nervous system and the adrenal gland during stress. NPY is co-released with norepinephrine from nerve
endings. Furthermore, NPY is also secreted from chromaffin cells in the adrenal medulla and stimulates
catecholamine release by an autocrine/paracrine mechanism.””® Therefore, NPY acts as an important
modulator of the sympathetic function by sustaining the catecholamine plasmatic levels and potentiating
their effects during stressful situations.
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3.3.1. Radioimmunoassay

NPY, SB, VIP and CGRP were analyzed at The Neurochemistry Laboratory, Institute
of Neuroscience and Physiology, The Sahlgrenska Academy at the University of
Gothenburg, Mélndal, Sweden using radioimmunoassay, as described previously.'s4!%”
Radioimmunoassay is a very sensitive method for the measurement of the in vitro
concentration of an antigen (for example, hormone levels in the blood) by use of
antibodies (Figure 12). A known amount of an antigen is radioactively labeled with
a gamma-emitting isotope of iodine attached to tyrosine. The radiolabeled antigen is
then mixed with a known quantity of antibody for that antigen and the two will bind
to one another. A sample of serum from a patient containing an unknown amount
of the same antigen is added to the mixture. This initiates a competitive reaction for
antibody binding sites between the unlabeled antigen from the serum sample and the
radiolabeled antigen from the preparation. Thus, as the concentration of unlabeled
antigen increases, more of it will bind to the antibody, displacing the labeled variant. The
bound antigens are then separated from the unbound ones using a secondary antibody
that recognizes the primary antibody. The radioactivity of the free antigen remaining in
the supernatant is measured using a gamma counter. Using known standards, a binding
curve can then be generated which allows the amount of antigen in the patient’s serum
to be analyzed.

P ® Labeled antigen

T -K ®  Unlabeled antigen

T r
DD

Figure 12. A schematic illustration of a radioimmunoassay. A known concentration of a radioactively
labeled antigen is added to a buffer (A). A known amount of antibody (primary antibody) for that antigen
is then added to the tubes (B). Increasing amounts of unlabeled antigen are added, resulting in competition
between the labeled and unlabeled antigen for the limited number of binding sites on the antibody (C).
The antibody-bound labeled antigen can then be separated from the free labeled antigen using a secondary

antibody (D).
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3.3.2. High-performance liquid chromatography

Norepinephrine and epinephrine were analyzed at Labmedicin Skine in Malms,
Sweden using a high-performance liquid chromatography with fluorescence detection,
as described previously."®* '¥!' Chromatography is a technique used to separate a mixture
into its individual components. High Performance Liquid Chromatography (HPLC)
is a form of column chromatography in which a sample mixture or analyte in a solvent
(known as the mobile phase) is pumped through a column packed with solid particles
(known as the stationary phase) at high pressure (Figure 13). The sample is carried by a
carrier gas stream of helium or nitrogen. HPLC has the ability to separate, and identify
compounds that are present in any sample that can be dissolved in a liquid at trace
concentrations as low as parts per trillion.

HPLC isused inavariety of industrial and scientific applications, such as pharmaceutical,
environmental, forensics, and chemicals. Sample retention time will vary depending on
the interaction between the stationary phase, the molecules being analyzed, and the
solvent, or solvents used. As the sample passes through the column it interacts with the
two phases at different rates, primarily due to the different polarities of the analytes.
Analytes that interact least with the stationary phase or most with the mobile phase
will exit the column faster. After separation the catecholamines were converted into
the corresponding fluorescent compounds and the plasma levels determined using a
fluorescence detector.

Detector

Column

(Stationary phase)

Autosampler

Computer

Solvent (Mobile phase)

Figure 13. An illustration of the setup used for HPLC. The solvent, which is referred to as the mobile phase,
is held in a minimum of two reservoirs. Each reservoir holds up to 1000 cc of solvent and is usually fitted
with a gas diffuser through which helium can be bubbled. The injector, or autosampler, introduces the solvent
into a phase stream that carries the sample into the high-pressure (up to 400 bar) column, which contains
packing material, referred to as the stationary phase, used to effect separation. A detector is used to visualize
the separated compounds as they elute from the high-pressure column. The information from the detector
is presented as a chromatogram on a computer. The mobile phase exits the detector and is either voided or
collected.
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3.4. Magnetic resonance imaging

Studies IIT and IV were performed to investigate the effect of NPWT on intrathoracic
organ volume and wound contraction using MRI. Six pigs underwent sternotomy
and NPWT, while six control pigs were not sternotomized. Studies III and IV were
performed simultaneously, using the same negative pressures, setup and MRI scanner.
Both the sternotomized and non-sternotomized pigs were used in Study IV, while only
the sternotomized pigs were used in Study III. MRI was first performed at baseline (0
mmHg). A negative pressure was then applied and MRI was performed when the target
pressure had been reached. This procedure was repeated for each negative pressure (-75,
-125, and -175 mmHg). The topography of the porcine thorax was visualized with the
help of MRI in the transverse and sagittal planes, covering the entire thoracic cavity.
The heart was imaged in the short-axis, and two-, three- and four-chamber long-axis
planes. For detailed descriptions of the MRI settings, see Papers III and IV. The images
in Study IIT and IV were evaluated using the freeware Segment 1.699 (http://segment.
heiberg.se).'®

3.4.1. Analysis of intrathoracic organ volume

Intrathoracic volume measurements were made from the transverse images using
simultaneous viewing of sagittal images and image plane intersections for orientation
(Study III). The right lung, left lung, intrathoracic wound fluid and total thoracic areas
were manually delineated by defining dedicated regions of interest in all transverse
images (Figure 14).

Figure 14. Illustration of manual delineation of organ volumes. Image (A) shows how the intrathoracic
structures were outlined in a transverse MR image through the thorax of a pig with an open sternotomy
wound. The right lung (RL), left lung (LL) and intrathoracic fluid (F) were delineated in each image
throughout the entire thorax, allowing the volume of each structure to be quantified. Images (B) and (C)
show short-axis MR images of the same animal’s heart in end diastole and end systole, respectively. The
pericardial border of the heart was manually delineated in all short-axis slices covering the entire volume
within the pericardium. The total heart volume was then quantified in end diastole and end systole, as well
as the variation in total heart volume throughout the cardiac cycle.
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3.4.2. Total heart volume variation and cardiac output

In order to quantify the cardiac pumping efficiency, the total heart volume variation
(THVV) throughout the cardiac cycle was measured (Study III). THVV has been shown
to be around 8 percent in human subjects and the major contribution to the change in
volume is found in the region around the AV plane with a left-sided predominance.'®’
A large change in total volume could result in energy loss through displacement of
surrounding tissues, or induce a pendular motion of cardiac tissue and blood."*'?
Thus, an increase in THVV leads to a decrease in cardiac pumping efficiency.'®’

The total heart volume (THV) was measured by manually delineating the pericardial
border of the heart in short-axis images (Figure 14) in both end diastole and end systole,
as described previously.'® Long-axis images and image plane intersections were viewed
simultaneously for orientation. THVYV, expressed in percent, was calculated according
to the following formula:

THVV (%) = [(THV in end diastole — THV in end systole) / THV in end diastole] x
100.

Cardiac output data from two previously published studies (NPWT treated pigs'*
and control pigs'*) were analyzed. Cardiac output was measured using phase contrast
velocity encoded MRI flow quantification in the ascending aorta.'*

3.4.3. Wound contraction

Measurements of wound contraction and soft tissue macrodeformation were performed
using the same transverse images acquired at the cardiac midventricular level before
(0 mmHg) and after the application of -75, -125 and -175 mmHg (Study IV). The
distances between the two wound edges of subcutaneous tissue, muscle tissue and
sternum bone were measured (lateral wound width). The anterior-posterior thickness of
the soft tissue, including the subcutaneous and muscle tissue, was measured at distances
of 0.5 cm and 2.5 cm from the wound edge (Figure 15).

Adhesive drape

Foam
2.5cm 0.5 cm

Subcutaneous tissue

Muscle tissue

Figure 15. Schematic illustration showing a transverse section through a sternotomy wound and the
location of the wound dimension measurements.
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3.5. Calculations and statistical analysis

Statistical analysis was performed using the Kruskal-Wallis test with Dunn’s post-test
for multiple comparisons (Studies I and III) or Student’s t-test, unpaired (Study II)
and paired (Study IV). Significance was defined as p<0.05. The results are presented as
mean values + standard error of the mean (SEM).

Different statistical methods were used in the various studies presented in this thesis.
In two of the studies (II and IV) a parametric test was used for the comparison of two
groups (Student’s t-test) while in the other two (I and III) a non-parametric test was
used for multiple observations (Kruskal-Wallis). It can be argued that all biological
material is normally distributed, and that a parametric test is more suitable. However,
it may be more correct that, in a study based on a small number of observations, use
a nonparametric test. Furthermore, it can always be discussed whether correction for
multiple comparisons shall be used. If one chooses to correct for multiple analyses,
the correction could decrease the statistical power substantially. Furthermore, mean
values and the SEM were used to describe the data in all studies. Strictly speaking,
these measures should only be used to describe normally distributed data. It is however
common in scientific littarature that SEM is used to describe non-normally distributed
material.'> ' Preferably, however, SD should be used instead of SEM to describe
the variability in the outcome measurements within each group. For non-normally
distributed data, the range or an appropriate choice of percentiles should be used as
measures of the variability instead of SEM and SD.

The following precautions were taken to eliminate systemic errors. In Study I the
order in which the experiments were performed with the respirator turned on and off
were varied in a randomized manner. In the MRI studies (III and IV) the sequence
of application of the three different negative pressures was varied using a 3 by 3 Latin

square design. When analyzing the MR images, the images were coded and analyzed
randomized and blinded.
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4. Results and Discussion

4.1. Pressure transduction to the thoracic cavity during NPW'I
of a sternotomy wound

The suction force created by NPWT is known to have local wound healing effects such
as drainage of excessive fluid and debris, '8¢ 1% 157,197 and
granulation tissue formation,’ but little is known about its effects on the intrathoracic
organs. The present study was designed to investigate the extent to which negative
pressure is transduced to the anterior portions of the heart and to deeper regions of the
thoracic cavity (behind the heart, in the left pleura, and in the esophagus). A porcine
sternotomy wound model was used and pressures between -50 and -200 mmHg were

applied.

stimulation of angiogenesis,

4.1.1. Pressure transduction to the anterior portion of the heart and thoracic
cavity

The pressure on the anterior surface of the heart changed linearly with the negative
pressure applied (Figure 16). This shows that the subatmospheric pressure during
NPWT is effectively propagated to the anterior portion of the heart. There was no
significant change in pressure due to NPWT deeper in the thoracic cavity, in the
pericardium (under the heart), in the left pleura or in the esophagus (Figure 16).
Previous studies in pigs have shown that NPWT stimulates blood flow to the wound
edge that is exposed to the negative pressure, while tissue further from the vacuum
source remains unaffected.'®® ' This is in accordance with the current findings that
the pressure only affects the tissue in direct contact with the wound filler and is not
transduced to deeper structures. As noticed empirically in the clinical setting of wounds
other than sternotomy wounds, if fluid is to be drained from a deep wound pocket, the
entire pocket must be in contact with the filler. For this reason, the wound filler must
be carefully positioned so as to cover all areas of the wound. In sternotomy wounds,
however, the patient moves around, and the fluid may therefore come into contact with

the wound filler and be drained by NPWT.
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Figure 16. Pressures measured using pressure transduction catheters over the anterior surface of the heart
(A), where there is direct contact between the NPWT foam, and in the pericardium under the heart, where
there is no direct contact between the foam and the tissue (B). The results are presented as mean values +
SEM from seven experiments. Note how the pressure on the surface of the heart in contact with the foam
changes linearly with the applied negative pressure, while the pressure lower down in the thoracic cavity
was not affected.

4.1.2. Effects of the pressure gradient between the anterior and posterior parts
of the heart

The results of Study I show that the anterior part of the heart is subjected to negative
pressure, but not the posterior part. The pressure difference between the anterior and
posterior part of the heart may explain the finding that, upon the delivery of negative
pressure, the anterior part of the right ventricle is drawn up towards the anterior
thoracic wall.'”® The pressure causes the right ventricle to bulge into the space between
the sternal edges, which deforms the anterior portion of the heart and may expose
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the right ventricular free wall to the sharp edges of the sternal bone. This provides a
plausible explanation of heart rupture, which is an uncommon but feared complication
of NPWT in DSWT after cardiac surgery.''” 120121 123125, 127 Recent research has been
focused on preventing such complications by inserting a rigid disc between the heart
and the sternum.'?% 1%

4.2.  Sympathetic and sensory nerve activation during NPWT of
sternotomy wounds

The aim of Study II was to investigate whether NPWT causes a change in the plasma
levels of certain neurohormones and neuropeptides known to affect the heart!® '
and known to be released in response to painful stimulation.”*® ' The plasma levels
of norepinephrine, epinephrine, NPY, SP, VIP, and CGRP were measured before (0
minutes) and after 5, 20, 60, and 180 minutes in NPWT and sham-treated pigs.

4.2.1. Plasma levels of catecholamines and NPY

The levels of norepinephrine and epinephrine were found to be higher in NPWT
treated than in sham-treated pigs after 20 min of negative pressure therapy at -125
mmHg (Figure 17). These are sympathetic nervous system transmitters and hormones
known to trigger the fight-or-flight response, constricting blood vessels and increasing
heart rate (causing an increase in blood pressure).'”” It has been shown that NPWT
alters the intrathoracic anatomy as the thoracic cage is closed and the heart and
lungs are drawn up towards to the sternotomy wound opening.'*® The catecholamine
elevation was transient, and the levels of norepinephrine and epinephrine were similar
to baseline values after 60 and 180 min, respectively. The reason why the elevation of
norepinephrine and epinephrine levels is transient may be acclimatization of the body
to the effects of NPWT with time.

NPY is a co-transmitter of sympathetic nerves and is released at high rates of nerve
firing.'® In the present study, the plasma levels of NPY were similar after 20 minutes of
NPWT in both groups, but were significantly elevated after 180 minutes in the NPWT
group (Figure 17), probably as a late effect of the initially increased norepinephrine
and epinephrine levels in this group. This is in accordance with the general belief that
NPY is responsible for the long-term effects of sympathetic nerve activity.'®® A steady
decline in NPY levels was seen in the sham-treated pigs. NPY levels are presumably
high during surgery as a result of the trauma, and when surgery is completed, the NPY
levels decrease.
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Figure 17. The plasma levels of norepinephrine, epinephrine, and NPY in pigs subjected to negative
pressure wound therapy at -125 mmHg (NPWT) and sham-treated pigs (Sham). The results are presented
as mean values + SEM from six experiments. Statistical analysis was performed using Student’s t-test.
Significance was defined as p<0.05 (*). Note how the levels of norepinephrine and epinephrine are increased
after 20 minutes of NPWT and then decline. NPY, on the other hand, shows the same levels in the NPWT
and sham-treated pigs after 20 minutes, but after 180 minutes of NPWT NPY is slightly elevated.
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4.2.2. Mechanisms underlying the increased plasma levels of catecholamines
and NPY

Initial increases in the plasma levels of norepinephrine and epinephrine were seen in the
present study, followed by elevated levels of NPY. These increases may reflect increased
sympathetic nerve activity.**>**! The reason for the increase in catecholamines and NPY
cannot be deduced from the studies presented in this thesis or from the literature. It
has been shown that NPWT alters the intrathoracic anatomy as the thoracic cage is
closed, and that the heart and lungs are drawn up towards to the sternotomy wound
opening.'”® This mechanical alteration of the intrathoracic organs is most probably
responsible for the increase in catecholamines and NPY during NPWT.

It has also been shown in a study by Petzina et al.,'" using the same sternotomized
pigs as in Study III, that when NPWT is applied there is a trend towards an increase
in heart rate and a significant decrease in stroke volume, resulting in a decrease in
cardiac output. The increase in heart rate is consistent with the current findings of
increase in catecholamines and NPY when NPWT is applied. In Study III it was found
that cardiac output is increased after sternotomy and it is therefore suggested that the
decrease in stroke volume may be due to restoration of the intrathoracic anatomical
conditions by NPWT, thereby relieving the mechanical deformation of the heart caused
by sternotomy. One limitation of this study is, however, that the hormone levels were
not measured before sternotomy. Such measurements may have clarified the effect of
sternotomy, which was found to increase cardiac output (Study III), and sternotomy
closure by NPWT, which was found to normalize cardiac output (Study III), and the
change in levels of catecholamines and NPY found in Study II.

4.2.3. Plasma levels of SP, VIP and CGRP

SP is released from primary afferent sensory nerves upon stimulation.'®® After 180
minutes of NPWT the plasma levels of SP were significantly increased (Figure 18).
This may be due to sensory nerve stimulation by the negative pressure on the wound
edge. It is well known that NPWT causes mechanical deformation of the tissue at the
wound edge and shearing forces at the foam-wound interface.*** This is presumably

the reason why some patients experience pain during NPWT. No such difference was
observed for CGRP or VIP.

35



After 20 min of NPWT After 180 min of NPWT

ns.

5 — ~5
= g
o 4 [} o
g 4 g 4
= s
3 3
e 3
2 g7
3™ 3"
o o

0- 0-

N <&
< & < &
f g g

Figure 18. The plasma levels of SP in pigs treated with negative pressure wound therapy at -125 mmHg

(NPWT) and sham-treated pigs (Sham). The results are presented as mean values = SEM from six
experiments. Statistical analysis was performed using Student’s t-test. Significance was defined as p<0.05
(*). Note how SP increases after 180 minutes of NPWT treatment.

4.3.  Changes in cardiac pumping efliciency and intrathoracic
organ volume during NPWT of sternotomy wounds

It has been reported that NPWT causes a decrease in cardiac output.'*"'%? This is an
important finding because many patients undergoing cardiac surgery suffer from heart
failure. However, the effect of NPWT on cardiac output has hitherto only been studied
in sternotomized pigs and no comparison has been made with non-sternotomized pigs
(intact chest). Study III was performed to investigate the effects of NPWT on the
volume of the intrathoracic organs and heart function, using MRI. A porcine sternotomy
wound model was used and the results compared with those from non-sternotomized
pigs. The vacuum source was set to deliver a continuous negative pressure of -75, -125

or -175 mmHg.

4.3.1. Intrathoracic organ volume

As could be expected, the volume of the thoracic cavity and the intrathoracic organs
was greater in the sternotomized pigs than in the non-sternotomized pigs. The lung
volume showed a tendency to be larger in the sternotomized pigs, although these results
did not reach statistical significance (p=0.152 for the right lung and p=0.281 for the
left lung). This could be the result of changes in the quantity of blood that collects in
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these organs due to the change in the pressure conditions. Another explanation of the
tendency towards increased lung volume may be that sternotomy results in increased
end expiratory volumes of air in the lungs.

Upon the application of NPWT, the volume of the thoracic cavity and intrathoracic
organs was reduced. NPWT contracts the wound and draws the two sternal edges
together, thereby decreasing the circumference of the thorax (Figure 19). Previous
studies have reported similar findings regarding soft tissue wound contraction and
macrodeformation upon NPWT.** The lung volume appeared to decrease when
NPWT was applied (p=0.085 for the right lung and p=0.052 for the left lung,
compared with 0 mmHg). During NPWT, air is evacuated from the thorax, decreasing
the total intrathoracic volume. NPWT thus largely restores the macroscopic anatomical
conditions in the thorax, which may explain the clinical benefits of NPWT over
open-chest care, including the stabilizing effects and the reduced need for mechanical

ventilation.!3% 137

The volume of the intrathoracic organs decreased upon the application of NPWT, but
did not return to pre-sternotomy levels. This may be explained by the fact that the
NPWT foam separates the sternal edges, resulting in a larger thoracic cavity during
NPWT than before sternotomy. Also, open-heart surgery may have resulted in
interstitial edema, causing the organs to be slightly enlarged.

Figure 19. Representative transverse MR images at the level of the aortic root. The images were obtained
from a non-sternotomized pig (A) and a sternotomized pig before (0 mmHg) (B) and after the application
of -125 mmHg (C). Note the differences in the size, shape and position of the intrathoracic organs induced
by sternotomy and NPWT. In particular, note how NPWT draws the two sternal edges closer to each
other (white bars), thereby decreasing the circumference of the thorax, making it similar to that of the
non-sternotomized pig.

37



4.3.2. Effects on central hemodynamics

The variation in total heart volume, which is inversely related to cardiac pumping
efficiency,'® showed a tendency towards being increased after sternotomy (p=0.185)
(Figure 20). Upon the application of NPWT, the THVV trended to decrease to values
similar to those in the non-sternotomized pigs (p=0.157 when comparing 0 mmHg
with -125 mmHg) (Figure 20). A retrospective analysis of two previous studies suggests
similar changes in cardiac output.'> " Cardiac output was significantly higher after
sternotomy and then returned to pre-sternotomy levels during NPWT. These findings
are in accordance with previous reports where cardiac output has been shown to increase
upon sternotomy.”” It is speculated here that the opening of the thorax and pericardium
may mechanically impede cardiac pumping, and that the resulting increase in cardiac
output represents overcompensation for this effect, but the exact mechanism is unclear.
Other reports show a decrease in cardiac output when the sternotomy wound is resealed
during NPWT."3> 13 Many surgeons have been concerned over the finding that cardiac
output decreases during NPWT, and invasive monitoring of hemodynamics has been
suggested. However, the results of the present study are reassuring as they indicate that
cardiac pumping efficiency nearly returns to pre-sternotomy levels during NPWT.
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Figure 20. The total heart volume variation (A) and the cardiac output (B) in non-sternotomized pigs
(n=6) and sternotomized pigs (n=6) before and after the application of NPWT at -75, -125 and -175
mmHg. The results are presented as mean values + SEM. Statistical analysis was performed using Kruskal-
Wallis test with Dunn’s post-test for multiple comparisons. Significance was defined as p<0.05. Note that
after sternotomy, the cardiac pumping efficiency appears to decrease (i.e. an increase in total heart volume
variation), and cardiac output increases, but that these return to baseline levels upon the application of

NPWT.
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4.3.3. Wound fluid removal

Following sternotomy, wound fluid accumulates in the bottom of the thoracic cavity,
in the right and left pleura. The application of negative pressure did not decrease the
amount of free fluid at the bottom of the thoracic cavity (Figure 21). In Study I it was
found that the negative pressure was not transduced to the bottom of the thoracic
cavity, which may explain why the wound fluid was not evacuated. However, in the
clinical situation the patient is mobilized. The wound fluid may then move around
in the thoracic cavity and come into contact with the foam and negative pressure and
thus be withdrawn. However, drainage of the wound fluid from the thoracic cavity
may not be crucial in resolving DSWI. We believe that one of the most important
issues in DSWT is the infection in the sternum. The results from Study I underline the
importance of the NPWT wound filler being in direct contact with the sternal bone
edge to resolve the bone infection in DSWI. We have previously shown that NPWT
affects the fluid in the sternum.*** Presumably, fluid is drawn from the surrounding
tissue towards the sternum and into the vacuum source. This “endogenous drainage”
may be one possible mechanism by which osteitis is resolved by NPWT in DSWTI after

cardiac surgery.

Figure 21. Transverse MR images at the cardiac midventricular level showing the lack of fluid (yellow
arrow) in a non-sternotomized pig (A) and the wound fluid (red arrows) in the deeper parts of the thoracic
cavity in a sternotomized pig before (0 mmHg) (B) and after the application of -125 mmHg (C). It can
be seen that wound fluid is accumulated in the right and left pleura as a result of surgery, and that NPWT
does not result in the evacuation of fluid from the bottom of the thoracic cavity.
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4.4. Wound contraction and macrodeformation during NPWT
of sternotomy wounds

It is believed that one of the major driving forces promoting healing during NPWT
is the drawing together of the wound edges.'* The present study was performed to
investigate in detail the effects of NPWT at different negative pressures (0, -75, -125 and
-175 mmHg) on wound contraction and wound edge tissue deformation in a porcine
sternotomy wound model, using MRI. The effects were measured in subcutaneous
tissue, muscle and the sternum.

4.4.1. Temporary closure of the thorax by NPWT

The thorax contains vital structures such as the heart and lungs, and the establishment
of a stable thorax is thus important during the treatment of sternotomy wounds. The
present study shows that NPWT contracts the wound and draws the two sternal edges
together, thereby resealing the thoracic cavity and restoring the macroscopic anatomical
conditions in the thorax (Figure 22). This may explain the clinical benefits of NPWT
over open-chest care, including the reduced need for mechanical ventilation.'3® '/
This is in concordance with one of our previous studies, showing that the sternum
is stabilized and can withstand external forces during NPWT."*® Stabilization of the
sternum enables early mobilization, which is crucial for the clinical outcome.!® %

0 mmHg - 125 mmHg

Figure 22. Transverse MR images at the cardiac midventricular level showing wound contraction upon the
application of NPWT. The lower panels show enlargements of the insets in the upper panels, illustrating
the width of the wound, showing how the negative pressure pulls the sternotomy wound edges closer
together.
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4.4.2. Macrodeformation of the wound edges by NPWT

The negative pressure draws the subcutaneous tissue wound edges together to a greater
extent than the wound edges of the sternum, suggesting macrodeformation of the wound
edge tissue. This presumably creates shearing forces in the tissue and at the wound—foam
interface. This is believed to be one of the fundamental mechanisms by which NPWT
results in wound healing.'*® Contraction of the wound and macrodeformation of the
wound edge tissue upon NPWT causes mechanical stress in the tissue. Mechanical stress
is known to promote the expression of growth factors (e.g., vascular endothelial growth
factor and fibroblast growth factor-2) and to stimulate granulation tissue formation and
angiogenesis. 1%

4.4.3. Different levels of negative pressure

The greatest decrease in lateral wound width in the different tissues was seen when
switching from 0 mmHg to -75 mmHg; the level of negative pressure did not play
a significant role in the degree of wound contraction. Similar findings have also
been reported in a study by Isago et al.,*”
polyurethane foam, where negative pressures of -50, -75 and -125 mmHg caused
similar reductions in wound area. Furthermore, in a pig sternotomy wound model,'**
the wound contraction upon the application of NPWT was found to be similar in
wounds treated with low (-50 to -100 mmHg) and high (-150 to -200 mmHg) negative
pressures. Thus, both low and high levels of negative pressure will induce macro-
mechanical deformation during NPWT.

carried out in peripheral rat wounds using
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5. Main Conclusions

Pressure transduction to the sternotomy wound and the thoracic cavity

The way in which the negative pressure is distributed over the sternotomy wound and
deeper parts of the thoracic cavity during NPWT is currently the subject of debate. In
Study I it was shown that the pressure is only transmitted to the superficial wound and
the anterior portion of the heart, and does not reach the deeper parts of the thoracic
cavity. Negative pressure can therefore only be anticipated to be effective in superficial
parts of the wound, e.g. the sternotomy wound edges and the anterior surface of the
heart, which are in direct contact with the foam, and not in the lower regions of the
thoracic cavity. The pressure difference between the anterior and posterior parts of the
heart during NPWT causes the right ventricle to be drawn up towards the sternum
where it might be exposed to the sharp edges of the sternal bone, which in turn may
result in injury to the heart.

Effects on neurohormones and neuropeptides

Study II was performed to determine the effects of NPWT of sternotomy wounds
on neurohormones and neuropeptides. The results showed elevated plasma levels of
norepinephrine and epinephrine upon NPWT application, followed by an increase in
NPY. These increases in catecholamines and NPY may reflect increased sympathetic
nerve activity. The mechanism behind the increase in sympathetic nerve activity cannot
be deduced from this study. However, the increase in stress hormones probably reflects
the changes in the intrathoracic anatomical conditions when the wound is closed by
NPWT. The increase in catecholamine levels is only transient, suggesting that the body
acclimatizes to negative pressure therapy. The results also show increased SP levels
during NPWT, which may reflect increased sensory nerve activation. This may be a
result of the mechanical deformation of the wound edge tissue and shearing forces at
the foam—wound interface during NPWT.

Effects on central hemodynamics and intrathoracic organ volumes

Reduced cardiac output has been described during NPWT in cardiac surgery and the
effects of NPWT on the intrathoracic organs are currently the subject of debate. In
Study III it was demonstrated that NPWT closes and largely restores the thoracic cavity.
This may contribute to the clinical benefits of NPWT over open-chest care, including
the stabilizing effects and the reduced need for mechanical ventilation.
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NPWT does not result in the evacuation of wound fluid from the bottom of the wound,
presumably because the negative pressure is not transmitted to the deeper parts of the
thoracic cavity. However, in the clinical situation the patient is mobilized. The wound
fluid may then move around in the thoracic cavity and come into contact with the foam
and negative pressure and thus be withdrawn. The negative pressure is transmitted to
the sternal bone edge via the foam, which may be crucial in resolving the bone infection

in DSWI.

The variation in total heart volume, which is inversely related to heart pumping
efficiency, appeared to increase after sternotomy. Upon the application of NPWT,
the variation in total heart volume decreased to values similar to those in non-
sternotomized pigs. Many surgeons have been concerned about previous findings that
cardiac output decreases during NPWT, and invasive monitoring of hemodynamics has
been proposed. However, the results of the present study are reassuring, indicating that
cardiac pumping efliciency returns to pre-sternotomy levels during NPWT.

Effects on wound contraction and macrodeformation

Study IV demonstrated that NPWT contracts the wound and draws the two sternal
edges together, thereby resealing the thoracic cavity and restoring the macroscopic
anatomical conditions in the thorax. As NPWT contracts the sternotomy wound it
causes macrodeformation of the wound edge tissue. This mechanical stress in the tissue
and at the wound—foam interface creates shearing forces that are known to promote
granulation tissue formation and facilitate healing.
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6. Current and Future Research

Negative pressure wound therapy has been widely adopted as a result of favorable
clinical experience and excellent healing effects. However, a number of reports show that
serious complications can result from the use of NPWT for the treatment of DSWI,
of which heart rupture leading to death is the most devastating. The international
scientific community has thus recognized the importance of protecting the heart and

other exposed organs.** 106 117-127, 206,207

Research carried out by our group has shown that damage to the heart and lungs during
NPWT can be prevented by inserting a rigid device (HeartShield®) between the sternal
edges and the heart (Figure 23).12% 1% 208 Seven patients have been treated successfully
so far, and the results show less damage to the heart, lungs and cardiovascular structures
during NPWT.!2 19 208 'The results also show improved healing of the DSWI in
the patients treated with the device, as demonstrated by the more rapid decrease in
C-reactive protein and leukocyte levels,”” and faster recovery.”'® This is probably the
result of the more eflicacious drainage from the sternotomy wound in the presence of
the device.?"!

We aim to contribute to the future development of NPWT to make it as safe and
efficacious for the patient. We believe it is important that the knowledge gained from
the research on NPWT in sternotomy wounds be adapted to other wounds with
underlying vital organs, such as abdominal wounds or wounds in which blood vessels
are exposed.
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Figure 23. Cross section of the thoracic cavity with an open sternotomy wound with NPWT using
HeartShield®. The rigid barrier device protects the heart from damage. Arrows indicate the evacuation of
fluid from the wound cavity by the negative pressure.
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ABSTRACT

The present study was performed to examine pressure transduction to the thoracic cavity during topical negative
pressure (TNP) therapy of a sternotomy wound. Seven pigs underwent median sternotomy. Pressure transduction
catheters were placed on the anterior surface of the heart (under the foam), in the pericardium (under the heart),
in the left pleura and in the oesophagus at the level of the heart. The wound was sealed as for TNP therapy. The
vacuum source was set to deliver negative pressures between —50 and —200 mmHg. The pressure on the
anterior surface of the heart changed in a linear relationship with the applied negative pressure and was slightly
lower than the applied negative pressure (—102 = 9 mmHg at delivered —125 mmHg). Further down in the
thoracic cavity, in the pericardium (under the heart), in the left pleura and in the oesophagus, the wound pressure
was only slightly affected by TNP therapy. In conclusion during TNP therapy, negative pressure is effectively
transmitted to anterior portions of the heart. This may explain our recent findings that TNP increases
microvascular blood flow in the myocardium. The pressure difference between the anterior and the posterior
portions of the heart causes the right ventricle to be sucked up towards the posterior parts of the sternum, where
it might be exposed to the sharp edges of the sternal bone, which may result in heart injury.

Key words: Experimental surgery  Mediastinal infection @ Wound healing

INTRODUCTION

Cardiac surgery is complicated by poststernot-
omy mediastinitis in 1-5% of all procedures (1),
and this is a potentially life-threatening compli-
cation (2). The reported early mortality in
poststernotomy mediastinitis following coro-
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nary bypass surgery grafting is between 8% and
25% (3,4). Established treatment of poststernot-
omy mediastinitis includes surgical debride-
ment, drainage, irrigation and reconstruction
using pectoral muscle flap or omentum trans-
position. In 1999, Obdeijn et al. described a new
mode of treatment for poststernotomy media-
stinitis using a vacuum-assisted closure tech-
nique (5), which is based on the principle of
applying subatmospheric pressure by con-
trolled suction to a sealed, airtight wound
through a porous dressing. The technique, also
known as topical negative pressure (TNP)
therapy, has resulted in excellent clinical out-
come (1-5). Scientific evidence regarding the
mechanisms by which TNP promotes wound
healing has started to emerge. The suction force
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created by TNP therapy enables the drainage of
excessive fluid and debris, which leads to the
removal of wound oedema, reduction in bacte-
rial count and enhanced granulation tissue
formation (6-9). Knowledge of the effects of
TNP in a sternotomy wound is limited (10).

It is known that blood flow to the muscle
tissue of the wound edge is increased by TNP
therapy (7-9). We recently show that TNP of
a sternotomy wound stimulates blood flow to
the myocardium (10). The present study was
designed to examine to which extent negative
pressure is transduced to the anterior portions
of the heart and also to deeper parts of the
thoracic cavity. A porcine sternotomy wound
model was used, and pressure was recorded on
the anterior portions of the heart, in the
pericardium (behind the heart), in the left pleura
and in the oesophagus during the application of
TNP therapy at pressures between —50 and
—200 mmHg.

MATERIALS AND METHODS

Animals

A porcine sternotomy wound model was used.
Seven domestic landrace pigs witha mean weight
of 70 kg were fasted overnight with free access to
water. The study was approved by the Ethics
Committee for Animal Research, Lund Univer-
sity, Sweden. The investigation complied with the
‘Guide for the Care and Use of Laboratory
Animals’ as recommended by the US National
Institutes of Health and published by the
National Academies Press (1996). The anaesthe-
sia was induced, and the surgical procedure was
performed as previously described (11).

Anaesthesia and surgical preparation

An intramuscular injection of ketamine (Ketami-
nolvet™ 100 mg/ml; Farmaceutici GelliniS.p.A,
Aprilia, Italy) 15 mg/ kg body weight, in combi-
nation with midazolam (Dormicum 1 mg/ml;
Roche, Stockholm, Sweden) and xylazine (Rom-
pun vet.™ 20 mg/ml; Bayer AG, Leverkusen,
Germany) 2 mg/kg, was used for premedication.
Anaesthesia was induced by continuous intrave-
nous infusion of propofol (DiprivanTM 20 mg/
ml; AstraZeneca, Sodertélje, Sweden) at a dosage
of 0-1-0-2 mg/kg/minute in combination with
intermittent fentanyl (Leptanal™; Lilly, France)
and atracurium besylate (Tracrium™; Glaxo,
Taby, Sweden) at doses of 0-02 ng/kg and 0-2—
0-5 mg/kg, respectively. Before surgery, a trache-

otomy (Portex endotracheal tube 7-5 mm internal
diameter) was performed.

A ventilator (Servo-Ventilator 900; Elema-
Schénander, Stockholm, Sweden) was used for
mechanical ventilation. The same settings were
used for all animals: volume-controlled, pres-
sure-regulated  ventilation, 85 1/minute,
15 breaths/minute and an inhaled oxygen
fraction of 35%. A lower midline abdominal
incision was made over the urinary bladder. The
urinary bladder was exposed, and a urinary
catheter (Silicone Foley Catheter; Tyco Health-
care, Tullamore, Ireland) was inserted, sutured
and connected to a urinary bag (Unomedical a/
s, Haarlev, Denmark). The abdominal incision
was continuously sutured with Dermalon 2.0
(Davis-Geck, Hampshire, UK).

A midline sternotomy was performed. The tip
of a saline-filled pressure catheter was placed in
the left pleura, in the pericardium (under the
heart) and on the surface of the heart (under
foam) through the sternotomy wound. A fourth
pressure transduction catheter was inserted into
the oesophagus, through the mouth, so that the
tip was positioned at the level of the heart. The
pressure catheters were connected to a calibrated
custom-built pressure gauge. For probe posi-
tions, see Figure 1. A layer of polyurethane foam
(KCI, Copenhagen, Denmark) was placed
between the sternal edges. A second layer of
foam was placed over the first layer and secured
to the surrounding skin. The wound was sealed
with a transparent adhesive drape (KCI), and the

Pressure catheter positions

Foam

Sternal
edge

Under foam

In pericard

In oesophagus
In pleura

Figure 1. Magnetic resonance image illustrating a cross-
section of the pig thoracic cavity with an open sternotomy.
First, the pressure transduction catheters were placed on the
anterior surface of the heart (under the foam), in the
pericardium (under the heart) and in the left pleura. A
polyurethane foam dressing was placed between the sternal
edges, and non collapsible drainage tubes were connected to
the foam. The open wound was sealed with transparent
adhesive drape, and drainage tubes are connected to
a purpose-built vacuum source. A fourth pressure transduction
catheter was placed in the oesophagus at the level of the heart.
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two evacuation tubes connected the foam with
the vacuum source (V.A.C.* pump unit; KCI).

Experimental protocol

Wound pressures were recorded on the anterior
surface of the heart (under the foam), in the
pericardium (under the heart), in the left pleura
and in the oesophagus. Wound pressures were
measured both with the respirator on and with
the respirator turned off at the end of inspira-
tion. In order to eliminate systemic errors, both
the sequence of applying negative pressure
(-50, —75, =100, —125, —150, —175 and —200
mmHg) and the order in which the experiments
were performed with the respirator turned on
and off were varied between the animals in
a randomised design.

Calculations and statistics

The experiments were performed on seven pigs.
Calculations and statistical analysis were per-
formed using GraphPad Prism® 4-0 software
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(GraphPad Software Inc, San Diego, CA). Sta-
tistical analysis was performed using Kruskal—
Wallis test with Dunn’s test for multiple com-
parisons. Significance was defined as P < 0-05.
Values are presented as means + SEM.

RESULTS

TNP was applied to the sternotomy wound at
negative pressures between —50 and —200
mmHg. The pressure over the anterior surface
of the heart (under the foam) changed in a linear
relationship with the applied negative pressure
and was slightly lower than the applied
negative pressure (—102 = 9 mmHg in the
wound at delivered —125 mmHg; Figures 2
and 3). The pressure difference between the
wound space and the vacuum source was larger
at higher negative pressures (-39 + 3 mmHg
in the wound at delivered —50 mmHg and
—163 + 12 mmHg at delivered —40 mmHg).
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Figure 2. Wound pressures measured with the respirator on. The vacuum source was set to deliver negative pressures between
—50 and —200 mmHg. Wound pressures were recorded using pressure transduction catheters on (A) the anterior surface of the
heart (under the foam), (B) in the pericardium (under the heart), (C) in the left pleura and (D) in the oesophagus. Values are
presented as means + SEM from seven experiments. Note how the pressure under the foam changed in a linear relationship with
the applied negative pressure, while the pressure further down in the thoracic cavity was not altered.
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Figure 3. Wound pressures measured after the respirator had been turned off at the end of inspiration. The vacuum source was
set to deliver negative pressures between —50 and —200 mmHg. Wound pressures were recorded using pressure transduction
catheters on (A) the anterior surface of the heart (under the foam), (B) in the pericardium (under the heart), (C) in the left pleura and
(D) in the oesophagus. Values are presented as means + SEM from seven experiments. Note that the pressure recordings are

similar to those with the respirator on.

Further down into the thoracic cavity, in the
pericardium (under the heart), in the left pleura
and in the oesophagus, the wound pressure was
not significantly affected by TNP therapy
(Figures 2 and 3). The pressure recordings were
similar with the respirator turned on as with the
respirator turned off at the end of inspiration
(Figures 2 and 3).

DISCUSSION

Mediastinitis is a devastating complication in
open heart surgery. TNP is a recently introduced
technique that promotes the healing of difficult
wounds, including poststernotomy mediastini-
tis (4,5,8). The technique entails application of
a negative pressure to a sealed, airtight wound.
The suction force created by TNP therapy is
known to stimulate blood flow to the wound
edge and facilitate the drainage of excessive
fluid and debris, which leads to the removal of

wound oedema, reduction in bacterial count
and enhanced granulation tissue formation
(6-9). Scientific evidence regarding of the effects
in a sternotomy wound is still limited (10).

The present study was performed to explore
to which extent negative pressure is transduced
to the anterior portions of the heart and also to
deeper locations in the sternotomy wound. We
show that the pressure during TNP therapy is
effectively delivered to the anterior portions of
the heart. This may explain our recent findings
that TNP at —50 mmHg increases microvascu-
lar blood flow in the myocardium (10). The
blood flow effects by TNP are believed to be
through mechanical stress and a pressure gra-
dient across the tissue, which causes a surge of
blood to the area (8,9,12-14). TNP is known to
stimulate blood flow to the wound edge that is
exposed to negative pressure, while tissue
further from the vacuum source remains unaf-
fected (8,9). This is in accordance with the
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current findings that pressure is not transduced
far beyond the locations of the open-pore
structure dressings of TNP therapy, for example
to the pericardium (behind the heart), the pleura
or the oesophagus.

The present results show negative pressure on
the anterior portions of the heart, at similar
levels as set on the vacuum source, while there is
no negative pressure beneath the heart. This
pressure difference may explain the finding
that, upon the delivery of negative pressure, the
anterior portion of the right ventricle is sucked
up towards the anterior thoracic wall. The
pressure causes the right ventricle to bulge into
the space between the sternal edges, which
deforms the anterior portion of the heart (15).
We believe that this may have two negative
effects.

First, pressure on the right ventricle may
mechanically hinder venous return and cardiac
pumping. Indeed, cardiac output and end
diastolic volume are known to be slightly
decreased upon application of negative pressure
(15). Interestingly, interposition of four layers of
paraffin gauze dressing over the heart during
TNP therapy resulted in a lesser decrease in
cardiac output (15). It is known that the interface
dressings prevent the delivery of TNP (16).

Second, the pressure difference between the
anterior and the posterior portions of the heart
causes the right ventricle to be sucked up
towards the posterior parts of the sternum
where it might be exposed to the sharp edges of
the sternal bone. This may result in right
ventricle rupture, which is an uncommon but
feared complication of TNP therapy in post-
sternotomy mediastinitis (17). Development
of TNP therapy for sternotomy wounds by
facilitating pressure transduction to the bot-
tom of the wound may be beneficial in
hindering the strong suction force on the heart.
It is known that motion between the sternal
edges in combination with adherent heart
structures to the thoracic wall are factors that
predispose for heart rupture. It is important to
use surgical techniques to minimise these risk
factors (18). In summary, adherences below the
sternal edges must be released, and three or
four layers of interface dressing should be
placed over the anterior portions of the heart in
order to cover and protect visible parts of the
right ventricle from the sternal edges. The
interface dressing reduces the formation of
adherences between the sternum and the right

ventricle, and the paraffin content facilitates
movement.

In conclusion, the pressure over the anterior
surface of the heart (under the foam) changed in
a linear relationship with the applied negative
pressure. These results may explain the positive
effects on myocardial blood flow by TNP (10).
Further down into the thoracic cavity, in the
pericardium (under the heart), in the left pleura
and in the oesophagus, the wound pressure was
not affected by TNP therapy. The effect of
negative pressure can therefore only be antici-
pated to be effective in superficial parts of the
wound, for example on the sternotomy wound
edges and on the anterior surface of the heart
and not in deeper parts of the wound. The
pressure difference between the anterior and the
posterior portions of the heart during TNP
therapy causes the right ventricle to be sucked
up towards the posterior parts of the sternum
where it might be exposed to the sharp edges of
the sternal bone, which may result in heart
injury.
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Abstract

Negative pressure wound therapy (NPWT) has been adopted as the first-line treatment for poststernotomy mediastinitis as a result of the
excellent clinical outcome. The knowledge concerning the effects of NPWT on the cardiovascular system and homeostasis is still limited.
The aim of the present study was to investigate whether the plasma levels of neurohormones change during NPWT. Six pigs underwent
median sternotomy followed by NPWT at —-125 mmHg. The plasma levels of noradrenaline, adrenaline, neuropeptide Y, substance P,
vasoactive intestinal peptide (VIP), and calcitonin gene-related peptide (CGRP) were determined before (0 min) and 5, 20, 60 and 180 min
after the application of NPWT. The results show a transient increase in the plasma levels of noradrenaline and adrenaline when NPWT was
applied. The plasma level of the adrenergic co-transmitter neuropeptide Y was higher in NPWT - than in sham-treated pigs, after 180 min
of negative pressure. After 180 min of NPWT there was an increase in the plasma levels of the sensory nerve transmitter substance P, while
no such effect was observed for CGRP or VIP. In conclusion, the results suggest sympathetic nerve activation during NPWT. This may be the

result of an increase in workload on the heart during the initial phase of NPWT.
© 2008 Published by European Association for Cardio-Thoracic Surgery. All rights reserved.
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1. Introduction

Negative pressure wound therapy (NPWT) has remarkable
effects on the healing of chronic and difficult wounds and
has drastically reduced the mortality in poststernotomy
mediastinitis following cardiac surgery. The technique
entails application of negative pressure to a sealed, airtight
wound. The suction force created by the subatmospheric
pressure enables the drainage of excessive fluid and debris,
which leads to the removal of wound edema, reduction in
bacterial count and enhanced granulation tissue formation
[1, 2]. Knowledge of the effects of NPWT in a sternotomy
wound is limited [1]. The organs in the mediastinum are
hemodynamically crucial and both vulnerable bypass grafts
and reduced cardiac function should be taken into consid-
eration during NPWT of sternotomy wounds.
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Recent publications have reported right ventricular rup-
ture during NPWT in cardiac surgery [3]. Also, reduced
cardiac output during NPWT has been reported [4]. No
study has yet been performed to examine the effect of
NPWT on neurohormones, many of which are considered to
be released upon increased cardiac load. In the present
study, we analyzed the plasma levels of noradrenaline,
adrenaline, neuropeptide Y, substance P, vasoactive intes-
tinal peptide (VIP), and calcitonin gene-related peptide
(CGRP).

Noradrenaline is a transmitter that is released by the
sympathetic nerve terminals. The sympathetic nervous sys-
tem also acts on the adrenal medulla to release catechol-
amines including adrenaline and, to a lesser extent,
noradrenaline. Neuropeptide Y is co-localized with norepi-
nephrine in sympathetic nerve terminals and is released
when the rate of nerve firing is high [5]. Neuropeptide Y
enhances the effects of noradrenaline and accounts for the
long-lasting effects of sympathetic nerve transmission [5].
Sympathetic nerve activation results in increased cardiac
pumping, sodium retention via the kidneys and constriction
and hypertrophic effects on the peripheral vasculature.

VIP is a co-transmitter in parasympathetic nerves [6]. It
is involved in the autonomic regulation of the cardiovas-
cular system, where it exerts positive inotropic and chron-
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otropic effects, and causes coronary vasodilatation.
Substance P and CGRP are released from primary afferent
neurons and act in the periphery to stimulate vasodilatation
and promote inflammation [7]. This mechanism, known as
‘neurogenic inflammation’, amplifies and sustains an
inflammatory reaction.

In the present study, the effects of NPWT on the plasma
levels of neurohormones were examined in a pig sternotomy
wound model. Noradrenaline, adrenaline, neuropeptide Y,
VIP, substance P and CGRP were analysed before (0 min)
and after 5, 20, 60 and 180 min of NPWT at —125 mmHg.

2. Material and methods

2.1. Animals

An uninfected porcine sternotomy wound model was used
in the present study. Twelve domestic Landrace pigs of
both genders, with a mean body weight of 70 kg, were
fasted overnight with free access to water. The 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.

2.2. Anesthesia

The pigs were premedicated with an intramuscular injec-
tion of ketamine (Ketaminol Vet™ 100 mg/ml, 15 mg/kg
body weight, Farmaceutici Gellini SpA, Aprilia, Italy) in
combination with xylazine (Rompun Vet™, 2 mg/kg body
weight; Bayer AG; Leverkusen, Germany). Anesthesia was
maintained by continuous intravenous infusion of propofol
(Diprivan™; 0.1-0.2 mg/kg body weight/min, Astra Zene-
ca; Sweden) in combination with fentanyl (Leptanal™;
0.02 pg/kg body weight, Lilly, France) and atracurium
besylate (Tracrium™; 0.2-0.5 mg/kg body weight, Glaxo,
Téaby, Sweden). The pigs were mechanically ventilated with
a Siemens-Elema 900B ventilator in the volume-controlled
mode.

2.3. Surgical procedure

A midline sternotomy was performed and the pericardium
was opened. The sternotomy wound was prepared for
NPWT. A polyurethane foam dressing was placed between
the sternal edges and two non-collapsible drainage tubes
were inserted into the foam. The open wound was then
sealed with a transparent adhesive drape. The drainage
tubes were connected to a purpose-built vacuum source
(VAC® pump unit, KCl, Copenhagen, Denmark). The vacuum
source was set to deliver a continuous negative pressure of
-125 mmHg. The group of control pigs was surgically pre-
pared as described above (sham-treated), but no negative
pressure was applied.

2.4. Biochemical analysis of neurohormones

The plasma levels of CGRP, neuropeptide Y, substance P,
VIP, adrenaline and noradrenaline were analyzed, as
described previously [8-10].

2.5. Calculations and statistics

Results were obtained from six sham-treated and six
NPWT-treated pigs. Statistical analysis was performed using
Students’ t-test. Significance was defined as P<0.05. The
results are presented as mean values +the standard error
on the mean (S.E.M.).

3. Results

The levels of noradrenaline and adrenaline were found to
be higher in NPWT-treated than in sham-treated pigs after
20 min of negative pressure therapy at —125 mmHg. This
elevation was transient and after 60 and 180 min, respec-
tively, the levels of noradrenaline and adrenaline were
similar in NPWT- and sham-treated pigs (Fig. 1).

The plasma levels of neuropeptide Y were similar in NPWT-
and sham-treated pigs at the beginning of NPWT. The levels
then declined in both sham-treated and NPWT-treated pigs,
but the decline was considerably slower in the NPWT-
treated pigs, and after 180 min of negative pressure ther-
apy, the plasma levels of neuropeptide Y were significantly
higher in the NPWT-treated than in the sham-treated pigs
(Fig. 1).

After 180 min of NPWT there was an increase in the
plasma levels of substance P (Fig. 2). No such difference
was observed for CGRP of VIP.

4. Discussion

4.1. Effects of NPWT on neurohormones

The experiment in the present study was performed in an
experimental model of sternotomy wound. In the clinic,
there are different approaches to treat mediastinitis; either
the sternotomy is reopened and the NPWT is applied
between the sternum bone edges and the soft tissue, and
the wound filler will thereby be in direct contact with the
heart, or only the soft tissue parts of the wound is reopened
for NPWT. In the cases when the whole sternotomy wound
is opened, negative pressure therapy is in direct commu-
nication with the heart. This is the setup used for the
current experiments.

Following the application of NPWT, the plasma levels of
noradrenaline and adrenaline were elevated. These are
sympathetic nervous system transmitters and are known to
be released upon increased cardiac workload [11]. Recent
reports show that NPWT decreases cardiac pumping effi-
ciency [4], while MRI measurements have revealed that the
heart is drawn up towards the anterior thoracic wall and is
mechanically deformed when NPWT is applied [12]. Taken
together, these findings suggest that NPWT results in
increased cardiac workload. The strain placed on the heart
by NPWT may thus result in compensatory increases in
sympathetic nerve activity. Indeed, numerous studies
report elevated noradrenaline and adrenaline plasma levels
in patients with heart failure, and these have been pro-
posed as suitable biomarkers [13].

Neuropeptide Y is a co-transmitter of sympathetic nerves
and is released at high rates of nerve firing [5]. In the
present study, the plasma levels of neuropeptide Y were
initially similar, but with increasing duration of NPWT, the
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Fig. 1. The plasma levels of noradrenaline, adrenaline and neuropeptide Y
in pigs subjected to negative pressure wound therapy at —125 mmHg (NPWT)
and sham-treated pigs (Sham). The results are presented as mean values +
S.E.M. from six experiments. Statistical analysis was performed using Stu-
dents’ t-test. Significance was defined as P<0.05 (*). Note that the levels
of noradrenaline and adrenaline are initially increased and then decline, and
then followed by a slight increase in the levels of neuropeptide Y.

levels were higher in the NPWT-treated than in the sham-
treated pigs. This is in accordance with the general belief
that neuropeptide Y is responsible for the long-lasting
effects of sympathetic nerve activity [5]. The maintained
high plasma levels of neuropeptide Y in the NPWT-treated
pigs may be a consequence of the stress placed on the
heart by the application of negative pressure [4, 14].
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Fig. 2. The plasma levels of VIP, substance P and CGRP in pigs treated with
negative pressure wound therapy at =125 mmHg (NPWT) and sham-treated
pigs. The results are presented as mean values +S.E.M. from six experiments.
Statistical analysis was performed using Students’ t-test. Significance was
defined as P<0.05 (*).

Indeed, plasma levels of neuropeptide Y are known to be
high during sympathetic activation in stress-related cardiac
conditions [15]. There was a steady decline in neuropeptide
Y levels in the sham-treated pigs. Neuropeptide Y levels
are presumably high during surgery, as a result of the
trauma, and when surgery is completed, the neuropeptide
Y levels decline.
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4.2. Transient increases in noradrenaline
and adrenaline levels

The increase in noradrenaline and adrenaline plasma
levels upon the application of NPWT was transient and
after 60 and 180 min, respectively, the levels were similar
to baseline values. The increase in noradrenaline and
adrenaline may be the result of decreased cardiac output,
which is known to occur immediately after the application
of NPWT [4]. No study has yet been performed to analyze
the long-term effects of NPWT on cardiac pumping. The
changes in noradrenaline and adrenaline plasma levels may
be transient because the decrease in cardiac output is
transient, or may be the result of the body acclimatizing
to slightly reduced cardiac output levels.

4.3. Sensory nerve activation

Substance P is released from primary afferent sensory
nerves upon stimulation [7]. The plasma levels of substance
P were increased after 180 min of NPWT. This may be due
to the sensory nerve stimulation by the negative pressure
on the wound edge. It is well known that NPWT causes a
mechanical deformation of the tissue in the wound edge
and shearing forces at the foam — wound interface [2]. This
is presumably the reason for why some patients experience
pain during NPWT.

4.4. Other levels of negative pressure

In the present study, we used a negative pressure level of
-125 mmHg, since this is commonly used in clinical prac-
tice. The effects of other negative pressure levels on the
release of neurohormones cannot be deduced from the
results of the present study. However, we have previously
shown that -75, -125, and -175 have similar effects on
cardiac pumping [4], and we therefore believe that these
levels of negative pressure may have similar effects on the
release of neurohormones.

5. Conclusions

The results of the present study show elevated plasma
levels of noradrenaline and adrenaline upon NPWT appli-
cation, followed by an increase in neuropeptide Y. This
enhanced sympathetic nerve activity may be the result of
the increased cardiac workload on the heart during the
initial phase of NPWT. However, the increase in catechol-
amine levels is only transient, suggesting that the body
acclimatizes to negative pressure therapy. The results also
show increased sensory nerve activation during NPWT. This

may be a result of the mechanical deformation of the
wound edge tissue and shearing forces at the foam - wound
interface during NPWT.
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ABSTRACT

Knowledge on the effects of negative pressure wound therapy (NPWT) on the intra-thoracic organs is limited. The present
study was performed to investigate the effects of NPWT on the volume of the intra-thoracic organs, using magnetic
resonance imaging (MRI), in a porcine sternotomy wound model. Six pigs underwent median sternotomy followed by
NPWT at —75, —125 and —175 mmHg. Six pigs were not sternotomised. MR images covering the thorax and heart
were acquired. The volumes of the thoracic cavity, lungs, wound fluid and heart were then determined. The volumes
of the thoracic cavity and intra-thoracic organs increased after sternotomy and decreased upon NPWT application. The
total heart volume variation, which is inversely related to cardiac pumping efficiency, was higher after sternotomy and
decreased during NPWT. NPWT did not result in the evacuation of wound fluid from the bottom of the wound. NPWT
largely closes and restores the thoracic cavity. Cardiac pumping efficiency returns to pre-sternotomy levels during NPWT.
This may contribute to the clinical benefits of NPWT over open-chest care, including the stabilizing effects and the reduced
need for mechanical ventilation.
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Key Points

scientific evidence regarding the
mechanisms by which NPWT
promotes wound healing has
started to emerge

studies on the lung function
have shown better ventila-
tion during NPWT than during
conventional open-chest care,
presumably because of the
sternum-stabilising effect and
the reduced need for mechani-
cal ventilation

the aim of the present study
was to examine the effects of
NPWT on the cardiac pumping
efficiency and the volumes of
the intra-thoracic organs

an uninfected porcine ster-
notomy wound model was used
in the present study

six pigs underwent sternotomy
and NPWT while six pigs were
not sternotomised

after surgery, the pigs were
transported from the operating
room to the MRI scanner

NPWT and sternotomy wound

INTRODUCTION

Cardiac surgery is complicated by post-
sternotomy mediastinitis in 1-5% of all pro-
cedures and is a life-threatening complication.
The reported early mortality in post-ster-
notomy mediastinitis following coronary
bypass graft surgery is between 8% and
25%. Traditional treatment of post-sternotomy
mediastinitis includes surgical debridement,
drainage, irrigation and reconstruction using
pectoral muscle flaps or omentum transposi-
tion. Post-sternotomy mediastinitis can also be
treated by negative pressure wound therapy
(NPWT) based on the principle of apply-
ing sub-atmospheric pressure by controlled
suction through a porous dressing. NPWT
has resulted in reduced mortality in post-
sternotomy mediastinitis (1).

Scientific evidence regarding the mecha-
nisms by which NPWT promotes wound
healing has started to emerge. The suction force
created by NPWT has been found to alter the
micro-vascular wound edge blood flow and
stimulate granulation tissue formation and the
removal of bacteria (2). However, knowledge
of the effects of NPWT on the intra-thoracic
organs is still limited (2). The organs in the
mediastinum are vital and the heart and lung
function need to be taken into consideration
during NPWT. Studies on the lung function
have shown better ventilation during NPWT
than during conventional open-chest care (3,4),
presumably because of the sternum-stabilising
effect and the reduced need for mechanical
ventilation. Conversely, a decrease in cardiac
output has been reported during NPWT when
compared with the open-chest situation (5,6).
However, the effect of NPWT on cardiac output
has hitherto only been studied in sternotomised
pigs and no comparison has yet been made
with non-sternotomised pigs (intact chest).

The aim of the present study was to examine
the effects of NPWT on the cardiac pumping
efficiency and the volumes of the intra-
thoracic organs. Magnetic resonance imaging
(MRI) was performed on non-sternotomised
pigs and sternotomised pigs before and after
the application of NPWT at —75, —125 and
—175 mmHg. Thereafter, the volumes of the
thoracic cavity, heart, lungs and wound fluid
were measured. Furthermore, the effects of
NPWT on total heart volume variation (THVV),
which is inversely related to cardiac pumping
efficiency, were examined.

MATERIALS AND METHODS
Animals

An uninfected porcine sternotomy wound
model was used in the present study. Twelve
domestic landrace pigs of both genders, with
a mean body weight of 50 kg, were fasted
overnight with free access to water. The study
was approved by the Ethics Committee for
Animal Research, Lund University, Sweden.
The investigation complied with the ‘Guide for
the Care and Use of Laboratory Animals’ as
recommended by the U.S. National Institutes
of Health (1996). The pigs were anaesthetised
as described previously (6,7).

Surgical procedure

Six pigs underwent sternotomy and NPWT
while six pigs were not sternotomised. A
midline sternotomy was performed and the
pericardium and pleurae were opened. The
sternotomy wound was prepared for NPWT.
A polyurethane foam dressing was placed
between the sternal edges and two non-
collapsible drainage tubes were inserted into
the foam. The open wound was then sealed
with a transparent adhesive drape. The
drainage tubes were connected to a vacuum
source (VAC® pump unit, KCI, Copenhagen,
Denmark), which was set to deliver a con-
tinuous negative pressure of —75, —125 or
—175 mmHg.

Magnetic resonance imaging

After surgery, the pigs were transported from
the operating room to the MRI scanner. MRI
was first performed at baseline (0 mmHg). A
negative pressure was then applied and MRI
was performed when the target pressure had
been reached. This procedure was repeated for
each negative pressure (—75, —125 and —175
mmHg). In order to eliminate time effects, the
sequence of application of the three different
negative pressures was varied between the ani-
mals using a 3 by 3 Latin square design.

MRI was conducted using a 1.5T system
(Philips Medical Systems, Best, the Nether-
lands) with a five-element cardiac coil and the
pig in the supine position. All imaging was
performed using steady-state free precession
sequences. A survey scan was acquired includ-
ing sagittal images. Typical imaging parame-
ters were: spatial resolution 1-8 x 1.8 mm, slice
thickness 10 mm.
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All subsequent images were acquired during
ventilator-controlled end expiratory apnea at
the functional residual lung capacity. Images
of the thoracic anatomy were acquired in
the transverse and sagittal planes, covering
the entire thoracic cavity. Typical imaging
parameters were: spatial resolution 1.1-1-5 x
1-1-1.5 mm, slice thickness 5-8 mm.

The heart was imaged in the short-axis, and
two-, three- and four-chamber long-axis planes.
Typical imaging parameters were: spatial res-
olution 1-4 x 1.4 mm, slice thickness 8 mm,
retrospective electrocardiogram (ECG) trigger-
ing, temporal resolution 30 ms.

MRI analysis

All images were evaluated using freely avail-
able software (Segment 1-699 http:/ /segment.
heiberg.se,13). Intra-thoracic volume measure-
ments were performed in transverse images
with simultaneous viewing of sagittal images
and image plane inter-sections for orientation.
The right lung, left lung, intra-thoracic wound
fluid and total thoracic areas were manually
delineated by defining dedicated regions of
interest in all transverse images (Figure 1). For
the non-sternotomised pigs, the intra-thoracic
volumes had been imaged with ECG trigger-
ing. Quantification was performed in the first
time frame at 0 ms in relation to the R-wave of
the ECG.

The THV was measured by manually delin-
eating the pericardial border of the heart in
short-axis images (Figure 1) in both end dias-
tole and end systole, as previously described
(7). Long-axis images and image plane inter-
sections were viewed simultaneously for ori-
entation. The THVYV, expressed in percent, was
calculated according to the following formula:

THVV(%) = [(THV in end diastole — THV in
end systole)/THV in end diastole] x 100.

The non-sternotomised pigs were different
animals than the sternotomised pigs. In order
to determine whether or not the pigs were sim-
ilar in size, the distance between ten vertebrae
was measured in a mid-sagittal survey MRI
image in all pigs.

Calculations and statistics

The experiments were performed on six ster-
notomised and six non-sternotomised pigs.
Statistical analysis was performed using
Kruskal-Wallis test with Dunn’s post-test
for multiple comparisons. Significance was

Figure 1. |lllustration of manual delineation of organ volumes.
Image (A) shows how the intra-thoracic structures were outlined
in a transverse magnetic resonance (MR) image through the
thorax of a pig with an open sternotomy wound. The right lung
(RL), left lung (LL) and intra-thoracic fluid (F) were delineated in
each image throughout the entire thorax, allowing the volume
of each structure to be quantified. Images (B) and (C) show
short-axis MR images of the same animal’s heart in end diastole
and end systole, respectively. The pericardial border of the heart
was manually delineated in all short-axis slices covering the
entire volume within the pericardium. The total heart volume in
end diastole and end systole, as well as the total heart volume
variation throughout the cardiac cycle, was then quantified.

© 2010 The Authors. Journal Compilation © 2010 Blackwell Publishing Ltd and Medicalhelplines.com Inc



Key Points

upon the application of NPWT,
the volume of the total thoracic
cavity and intra-thoracic organs
was reduced

when NPWT was applied, the
THVV decreased

the application of negative
pressure did not decrease the
amount of free fluid at the
bottom of the thoracic cavity

in order to determine whether
the non sternotomised pigs and
the sternotomised pigs were
of similar size, the distance
between ten vertebrae was
measured

NPWT and sternotomy wound

defined as P < 0-05. The results are presented
as mean values =+ the standard error on the
mean.

RESULTS

Intra-thoracic organ volume

The volume of the thoracic cavity and
the intra-thoracic organs was greater in
the sternotomised pigs than in the non-
sternotomised pigs, P = 0-0414 and P = 0.0217,
respectively (Figures2 and 3). The lung
volume was larger in the sternotomised
pigs, P=0-1523 for the right lung and
P =02810 for the left lung (Figures2
and 3). Upon the application of NPWT,
the volume of the total thoracic
ity and intra-thoracic organs was reduced,
P =0-0192 and P = 0-0188, respectively, when
comparing 0mmHg with —125mmHg
(Figure 3). The lung volume was decreased
when NPWT was applied, P = 0-0850 for the
right lung and P = 0-0520 for the left lung,
compared with 0 mmHg (Figures 2 and 3).

cav-

Cardiac pumping efficiency

The THVV, which reflects cardiac pump-
ing efficiency (7), increased following ster-
notomy, P = 0-1854 (Figure 4). When NPWT
was applied, the THVV decreased, P = 0-1568
when comparing 0 mmHg with —125 mmHg
(Figure 4).

Wound fluid

Wound fluid had accumulated in the bottom of
the thoracic cavity, in the right and left pleura
because these were opened during the surgical
procedure. The application of negative pres-
sure did not decrease the amount of free fluid
at the bottom of the thoracic cavity, P > 0-30
when comparing 0 mmHg with —125 mmHg
(Figure 5).

Pig size

In order to determine whether the non-
sternotomised pigs and the sternotomised pigs
were of similar size, the distance between
ten vertebrae was measured. This distance
was 232+2mm in the sternotomised pigs
and 231 & 3 mm in the non-sternotomised pigs
(P > 0-30), indicating similar pig size.

DISCUSSION

Intra-thoracic organ volume

We found that the total volume of the intra-
thoracic organs increases upon sternotomy.

Figure 2. Representative transverse MR images at the level of
the aortic root selected from a stack of 50 contiguous 5-mm thick
sections covering the entire thorax. The images were obtained
from: (A) a non-sternotomised pig and (B) a sternotomised
pig before (0 mmHg) and (C) after the application of —125
mmHg. Note the differences in the size, shape and position
of the intra-thoracic organs induced by sternotomy and topical
negative pressure. In particular, note how negative pressure
wound therapy draws the two sternal edges closer to each other
(white bars), thereby decreasing the circumference of the thorax,
making it similar to that of the non-sternotomised pig.
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Figure 3. Volumes of: (A) the thoracic cavity, (B) the intra-thoracic organs, (C) right lung and (D) left lung, measured using MRI, in
non-sternotomised pigs and in sternotomised pigs before (0 mmHg) and after the application of negative pressure wound therapy of
—75, —125 and —175 mmHg. The results are presented as mean values = standard error on the mean. Note how the volumes of
the thorax and intra-thoracic organs decrease upon the application of negative pressure, most prominently upon the change from 0
to —75 mmHg. Further increases in negative pressure only result in minor reduction in volume.
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Figure 4. The (A) total heart volume variation and (B) cardiac output in non-sternotomised pigs and sternotomised pigs before
and after the application of negative pressure wound therapy (NPWT) of —75, —125 and —175 mmHg. The results are presented as
mean values + standard error on the mean. Note that after sternotomy, the cardiac pumping effciency appears to decrease (increase
in total heart volume variation), and cardiac output increases, and these measures return to control levels upon application of NPWT.

We speculate that this reflects changes in the
quantity of blood that collects in these organs as
a result of a change in the pressure conditions.
An alternative explanation of the increased
lung volume may be that sternotomy results
in increased end expiratory volumes of air in
the lungs.

Upon application of NPWT, the volume
of the thoracic cavity decreased. NPWT
contracts the wound and draws the two
sternal edges together, thereby decreasing
the circumference of the thorax. Previous

studies have reported similar findings, that
is, soft tissue wound contraction and ‘macro-
deformation” upon NPWT (8). During NPWT,
air is evacuated from the thorax, decreasing
the total intra-thoracic volume. NPWT thus
largely restores the macroscopic anatomi-
cal conditions in the thorax, which may
explain the clinical benefits of NPWT over
open-chest care, including the stabilizing
effects and the reduced need for mechanical
ventilation (3,4).
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NPWT  largely closes and
restores the thoracic cavity

this may contribute to the clini-
cal benefits of NPWT over open-
chest care, including the stabi-
lizing effects and the reduced
need for mechanical ventilation
cardiac  pumping  efficiency
decreased upon sternotomy and
then returned to presternotomy
values when the thorax was
resealed by NPWT

NPWT does not result in the
evacuation of wound fluid from
the bottom of the wound, pre-
sumably because the negative
pressure is not transduced to
the bottom of the wound
however, NPWT is in full
contact with the sternal bone
edge, which may be crucial in
resolving the bone infection in
mediastinitis
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Figure 5. The intra-thoracic wound fluid volume, measured
using MRI, in non-sternotomised pigs and in sternotomised pigs
before and after the application of negative pressure wound
therapy (NPWT) at —75, —125 and —175 mmHg. The results
are presented as mean values + standard error on the mean.
Note that NPWT does not result in the evacuation of fluid from
the bottom of the wound.

The volume of the intra-thoracic organs
decreases upon the application of NPWT, but
does not return to pre-sternotomy levels. This
may be explained by the fact that the NPWT
foam acts as wound filler that separates the
sternal edges, resulting in a larger thoracic
cavity during NPWT than before sternotomy.
Also, the open-heart surgery may have resulted
in interstitial oedema, which may account for
the organs being slightly enlarged.

Cardiac pumping efficiency

The THVV, which may be regarded as a mea-
sure which inversely relates to heart pump-
ing efficiency (7), increased after sternotomy.
Upon the application of NPWT, the THVV
decreased to values that are similar to those
in the non-sternotomised pigs. A retrospective
analysis of two previous studies suggests sim-
ilar changes in cardiac output (6,9). Cardiac
output is higher after sternotomy and then
return to pre-sternotomy levels during NPWT.
These findings are in accordance with previ-
ous reports. Cardiac output has been shown
to increase upon sternotomy (10). The results
suggest that this is a result of opening the tho-
rax and pericardium, but the exact mechanism
is unclear. Other reports show a decrease in
cardiac output when the sternotomy wound is
resealed during NPWT (5,6). Many have been
concerned regarding the findings that cardiac
output decreases during NPWT, and sugges-
tions have been made of invasive monitoring

of haemodynamics. However, the results from
the present study are reassuring and indicate
that cardiac pumping efficiency returns to pre-
sternotomy levels during NPWT.

Wound fluid

Wound fluid is produced during surgery and
there will thus be more fluid at the bottom of
the thoracic cavity in the sternotomised pigs
than in the non-sternotomised pigs. In the ster-
notomised pigs, NPWT did not decrease the
amount of wound fluid in the bottom of the tho-
racic cavity. We have found that the negative
pressure is not transduced to the bottom of the
thoracic cavity (11), which may explain why
the wound fluid is not evacuated. However, in
the clinical situation the patient is mobilised.
The wound fluid may then move around in
the thoracic cavity and eventually come in con-
tact with the foam and negative pressure and
thereby be sucked out. However, drainage of
the wound fluid from the thoracic cavity may
not be crucial for resolving the mediastinitis.
We believe that one of the most important
issues in mediastinitis is the infection in the
bone of the sternum. The NPWT dressing is in
contact with the entire wound surface and the
sternum bone is exposed to the negative pres-
sure. We have shown previously that NPWT
affects the fluid in the sternum (12). Presum-
ably, fluid is drawn from the surrounding tis-
sue to the sternum and into the vacuum source.
This ‘endogenous drainage’ may be one possi-
ble mechanism by which osteitis is resolved by
NPWT in post-sternotomy mediastinitis.

Limitations of the study

The measurements in the sternotomised pigs
were compared with those in the non-
sternotomised pigs. We determined that the
two groups of pigs were of similar size
(vertebra distance). It is, therefore, unlikely the
limitation of having different pigs in the two
groups have affected the conclusions drawn
from the study.

Conclusions

NPWT largely closes and restores the tho-
racic cavity. This may contribute to the clinical
benefits of NPWT over open-chest care, includ-
ing the stabilizing effects and the reduced
need for mechanical ventilation. The vol-
ume of the intra-thoracic organs increased
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after sternotomy and decreased during NPWT.
Similarly, cardiac output increased and car-
diac pumping efficiency decreased upon ster-
notomy and then returned to pre-sternotomy
values when the thorax was resealed by NPWT.
NPWT does not result in the evacuation of
wound fluid from the bottom of the wound,
presumably because the negative pressure is
not transduced to the bottom of the wound.
However, NPWT is in full contact with the
sternal bone edge, which may be crucial in
resolving the bone infection in mediastinitis.
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Wound contraction and macro-deformation
during negative pressure therapy of sternotomy

wounds
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Abstract

wound edge tissue deformation.

by negative pressure.

Background: Negative pressure wound therapy (NPWT) is believed to initiate granulation tissue formation via
macro-deformation of the wound edge. However, only few studies have been performed to evaluate this
hypothesis. The present study was performed to investigate the effects of NPWT on wound contraction and

Methods: Six pigs underwent median sternotomy followed by magnetic resonance imaging in the transverse
plane through the thorax and sternotomy wound during NPWT at 0, -75, -125 and -175 mmHg. The lateral width
of the wound and anterior-posterior thickness of the wound edge was measured in the images.

Results: The sternotomy wound decreased in size following NPWT. The lateral width of the wound, at the level of
the sternum bone, decreased from 39 + 7 mm to 30 + 6 mm at -125 mmHg (p = 0.0027). The greatest decrease
in wound width occurred when switching from 0 to -75 mmHg. The level of negative pressure did not affect
wound contraction (sternum bone: 32 £ 6 mm at -75 mmHg and 29 + 6 mm at -175 mmHg, p = 0.0897). The
decrease in lateral wound width during NPWT was greater in subcutaneous tissue (14 = 2 mm) than in sternum
bone (9 + 2 mm), resulting in a ratio of 1.7 + 0.3 (p = 0.0423), suggesting macro-deformation of the tissue. The
anterior-posterior thicknesses of the soft tissue, at 0.5 and 2.5 cm laterally from the wound edge, were not affected

Conclusions: NPWT contracts the wound and causes macro-deformation of the wound edge tissue. This shearing
force in the tissue and at the wound-foam interface may be one of the mechanisms by which negative pressure
delivery promotes granulation tissue formation and wound healing.

Introduction

Cardiac surgery is complicated by post-sternotomy med-
iastinitis in 1% to 5% of all procedures [1] and is a life-
threatening complication [2]. The reported early mortal-
ity in post-sternotomy mediastinitis following coronary
artery bypass graft surgery is between 8% and 25% [3,4].
Conventional treatment of post-sternotomy mediastinitis
includes surgical debridement, drainage, irrigation, and
reconstruction using pectoral muscle flap or omentum
transposition. In 1999, Obdeijn and colleagues described
a new method of treatment for post-sternotomy medias-
tinitis using a vacuum-assisted closure technique [5],
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which is based on the principle of applying subatmo-
spheric pressure by controlled suction through a porous
dressing. The technique, also known as negative pres-
sure wound therapy (NPWT), has resulted in reduced
mortality in post-sternotomy mediastinitis [6].

Scientific evidence regarding the mechanisms by which
NPWT promotes wound healing has started to emerge.
NPWT results in the drainage of excessive fluid and deb-
ris, removal of wound edema, reduction in bacterial
counts and stimulation of wound edge microvascular
blood flow [7-10]. However, it is now believed that one of
the major driving forces that generate granulation tissue
formation is the macro-deformation of the wound edge
tissue that results from the suction force created by the
negative pressure. To our knowledge, there is only sparse

© 2010 Torbrand et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited
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scientific evidence for this instantaneous mechanical
effect by NPWT [11].

The present study was performed to in detail investi-
gate the effects of NPWT on wound contraction and
wound edge tissue deformation. Magnetic resonance
imaging (MRI) of the thorax was performed in a porcine
sternotomy wound model. The lateral width of the
wound and anterior-posterior thickness of the wound
edge was measured in the images taken before and after
initiation of NPWT at -75, -125 and -175 mmHg.

Materials and methods

Animals

An uninfected porcine sternotomy wound model was
used in the present study. Six domestic landrace pigs of
both genders, with a mean body weight of 50 kg, were
fasted overnight with free access to water. The study
was approved by the Ethics Committee for Animal
Research, Lund University, Sweden. The investigation
complied with the “Guide for the Care and Use of
Laboratory Animals” as recommended by the U.S.
National Institutes of Health and published by the
National Academies Press (1996).

Anesthesia

Anesthesia was induced with ketamine hydrochloride
(Ketaminol Vet™ 100 mg/ml, Farmaceutici Gellini S.p.A,
Aprilia, Italy), 15 mg/kg intramuscularly, and xylazine
(Rompun Vet™ 20 mg/mL, Bayer AG, Leverkusen, Ger-
many), 2 mg/kg intramuscularly. The pigs were intu-
bated and mechanical ventilation was established with a
Siemens-Elema 900B ventilator in the volume-controlled
mode. Anesthesia was maintained by continuous intra-
venous infusion of propofol (Diprivan™, Astra Zeneca,
Sweden), 0.1-0.2 mg/kg/min, in combination with fenta-
nyl (Leptanal™, Lilly, France), 0.05 pg/kg/min, and atra-
curium besylate (Tracrium™, Glaxo, Tidby, Sweden),
0.2-0.5 mg/kg/hour.

Surgical procedure

After a midline sternotomy, the pericardium was opened
and a polyurethane foam dressing was placed between
the sternal edges. Two non-collapsible drainage tubes
were inserted into the foam. The open wound was then
sealed with a transparent adhesive drape. The drainage
tubes were connected to a purpose-built vacuum source
(VAC® pump unit, KCI, Copenhagen, Denmark), which
was set to deliver a continuous negative pressure of -75,
-125 or -175 mmHg.

Experimental procedure

MRI was first performed at baseline (0 mmHg). A negative
pressure was then applied and MRI was performed when
the target pressure had been reached. This procedure was
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repeated for each negative pressure (-75, -125, and -175
mmHg). In order to eliminate time effects, the sequence
of application of the three different negative pressures was
varied between the animals using a 3 by 3 Latin square
design.

Magnetic resonance imaging

MRI was conducted using a 1.5T system (Intera CV,
Philips Medical Systems, Best, the Netherlands) with a
five-element cardiac coil and the pig in the supine posi-
tion. The images were acquired during ventilator-
controlled end expiratory apnea at the functional residual
lung capacity. Images were acquired in the transverse
and sagittal planes, covering the entire thoracic cavity
using a steady-state free precession sequence. Typical
imaging parameters were: spatial resolution 1.1 x 1.1
mm, slice thickness 5 mm, slice gap 0 mm, repetition
time 3.1 ms, echo time 1.6 ms, flip angle 60°, no ECG
triggering, sensitivity-encoding factor 2.

Image analysis

All images were evaluated using freely available software
(Segment 1.699, available at http://segment.heiberg.se)
[12]. Measurements of wound contraction and soft tis-
sue macro-deformation were performed in the same
transverse image at the cardiac midventricular level that
were acquired before (0 mmHg) and after the applica-
tion of -75, -125 and -175 mmHg. The distance between
the two wound edges of subcutaneous tissue, muscle tis-
sue and sternum bone were measured (lateral wound
width). The anterior-posterior thickness of the soft tis-
sue, including the subcutaneous and muscle tissue, was
measured at a distance of 0.5 cm and 2.5 cm from the
wound edge (Figure 1).

Calculations and statistics

Statistical analysis was performed using paired Student’s
t-test. Significance was defined as p < 0.05. The results
are presented as mean values + the standard error of
the mean (S.E.M.).

Results

The sternotomy wound changed in appearance and the
lateral wound width decreased when negative pressure
was applied (Figure 2). The lateral wound width
decreased from 39 + 7 mm to 30 + 6 mm, for sternum
bone, upon application of -125 mmHg (p = 0.0027, n =
6, Figure 3). The greatest decrease in lateral wound
width, as measured between the sternum bone edges,
occurred when switching from 0 mmHg to -75 mmHg,
and the level of negative pressure did not play a role for
the degree of wound contraction (32 + 6 mm at -75
mmHg and 29 + 6 mm at -175 mmHg, for the sternum
bone, p = 0.0897, n = 6, Figure 3).
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25cm  0.5cm

Adhesive drape

Foam

Figure 1 Schematic illustration showing a transverse section through a sternotomy wound and the location of the wound dimension
measurements. The thick bracketed horizontal lines illustrate the lateral wound width at the level of subcutaneous tissue, muscle tissue and
sternum bone. The thick bracketed vertical lines illustrate the anterior-posterior thickness of the soft tissue, including the muscle and
subcutaneous tissue, at a lateral distance of 0.5 cm and 2.5 cm from the wound edge.

Subcutaneous

Muscle

The wound edge tissue was also deformed upon applica-
tion of NPWT. The decrease in lateral wound width dur-
ing NPWT was greater in subcutaneous tissue (14 + 2
mm) than in sternum bone (9 + 2 mm), which resulted in
a ratio of subcutaneous to sternal decrease in wound
width of 1.7 + 0.3 (p = 0.0423), suggesting macro-defor-
mation of the wound edge tissue. The major decrease in
lateral wound width occurred when switching from 0 to

-75 mmHg and the level of negative pressure did not play
a significant role for the degree of wound contraction
(23 + 4 mm at -75 mmHg and 19 + 2 mm at -175 mmHg,
for muscle tissue p = 0.0982, n = 6, Figure 3).

The anterior-posterior thickness of the soft tissue,
including subcutaneous and muscle tissue, at 0.5 and
2.5 cm laterally from the wound edge, was not affected by
negative pressure (13 + 2 mm at 0 mmHg and 14 + 2 mm

0 mmHg

-125 mmHg

Figure 2 Transverse magnetic resonance images at the cardiac midventricular level illustrating the wound contraction upon negative
pressure wound therapy application. The images were obtained before (0 mmHg) and after the application of -125 mmHg. The lower panels
are enlargements of the insets in the upper panels and illustrate the position of the measurements taken. Note how negative pressure wound
therapy pulls the two sternotomy wound edges closer together.
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Figure 3 Graphs showing wound contraction upon negative
pressure application. The distance between the wound edges
(lateral wound width) in subcutaneous tissue (A), muscle tissue (B)
and sternum bone (C), measured in transverse magnetic resonance
images in sternotomized pigs before (0 mmHg) and after the
application of negative pressure wound therapy (NPWT) at -75, -125
and -175 mmHg. Results are presented as mean values + SEM.
Statistical comparison was performed using Student’s paired t-test.
Significance is defined as p < 0.05 (*) and p < 0.01 (**) and ns.
denotes non-significance. Note the decrease in lateral wound width
upon application of NPWT.

edge, measured in transverse magnetic resonance images in
sternotomized pigs before (0 mmHg) and after the application of
negative pressure wound therapy at -75, -125 and -175 mmHg.
Results are presented as mean values + S.EM. Statistical comparison
was performed using Student’s paired t-test. Significance is defined
as p < 005 and n.s. denotes non-significance.

at -125 mmHg, 0.5 cm from the wound edge, p = 0.1111,
n = 6, Figure 4).

Discussion

The present study shows wound contraction upon appli-
cation of NPWT in a porcine sternotomy wound model.
Furthermore, it provides detailed evidence for the
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deformation of the wound edge tissue. Pulling forces by
the negative pressure move the subcutaneous tissue
wound edges together to a greater extent than the
wound edges of the sternum bone. This presumably cre-
ates shearing forces in the tissue and at the wound-foam
interface. This so called macro-deformation of the tissue
is believed to be one of the fundamental mechanisms
by which NPWT results in wound healing [11]. This
mechanical effect of NPWT is thought to initiate a cas-
cade of inter-related biological effects including the pro-
motion of wound edge microvascular blood flow,
removal of bacteria and stimulation of granulation tissue
formation [7,10,13,14].

Shearing forces at the foam-wound interface

Contraction of the wound and macro-deformation of
the wound edge tissue upon NPWT, as shown in the
present study, causes mechanical stress in the tissue.
Mechanical stress is known to promote the expression
of growth factors (e.g., vascular endothelial growth fac-
tor and fibroblast growth factor-2) and to stimulate
granulation tissue formation and angiogenesis [15-17].
In a computerized model of negative pressure-induced
wound deformation, most elements were stretched five
to twenty percent by NPWT [11], which is similar to
in vitro strain levels shown to promote cellular prolifera-
tion. The beneficial effects of NPWT on healing may
depend on these macro-mechanical effects and the
shearing forces at the foam-wound interface.

Blood flow

The mechanical effect of NPWT on the wound edge tis-
sue is also believed to alter microvascular blood flow.
Close to the wound edge there is contraction of the tis-
sue resulting in hypoperfusion [18-20]. Factors released
in response to hypoperfusion are strong stimulators of
angiogenesis and granulation tissue formation, which
may be one of the mechanisms governing the positive
effects of NPWT. Pressure against the wound wall may
also be beneficial since it has been shown to tamponade
superficial bleedings during surgical procedures [18] and
reduce wound edge edema. Further away from the
wound edge, microvascular blood flow is increased upon
negative pressure application. It may be speculated that
the pulling forces on the wound edge tissue opens up
capillary beds and surges blood to the area. The present
study shows differences in the wound edge tissue defor-
mation when comparing subcutaneous and muscle tis-
sue. Similarly, blood flow effects by NPWT are different
in subcutaneous and muscle tissue [19,20]. It may be
speculated that the mechanical effects that NPWT result
in depend on the density of the tissue and the tissue
composition of the treated wound.
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Sternum stability

In sternotomy wounds, there are underlying vital struc-
tures and an important aspect during treatment of these
wounds is the heart and lung function and the recon-
struction of a stable thorax. The present study shows
that the sternotomy wound contracts during NPWT.
This is in concordance with one of our previous studies
showing that the sternum is stabilised and can withstand
external forces during NPWT [21]. Stabilization of the
sternum enables early mobilization which is crucial for
the clinical outcome [22,23].

Heart and lung function

As shown by the present study, NPWT contracts the
wound and draws the two sternal edges together, thereby
resealing the thoracic cavity. NPWT thus largely restores
the macroscopic anatomical conditions in the thorax,
which may explain the clinical benefits of NPWT over
open-chest care, including reduced need for mechanical
ventilation [24,25]. Sternotomy wound contraction and
resealing of the sternum also has effects on the heart
pumping function. The findings that cardiac output
decreases during NPWT [26,27] have been a reason for
concern. However, we now believe that cardiac output
increases and the energy efficiency of cardiac pumping
decreases upon sternotomy and both these measures
return to pre-sternotomy levels when the thorax is
resealed by NPWT [28]. It is reassuring to know that the
effects on cardiac pumping function upon resealing of
the thorax is physiological since many patients with deep
sternal wound infections suffer impaired cardiac function
and heart failure and may thereby be especially vulner-
able to increased cardiac load.

Different levels of negative pressure

In the present study, the greatest change in wound dia-
meter was observed between 0 and -75 mmHg, and the
level of negative pressure did not play a significant role
for the degree of wound contraction. Similar findings
were shown in a study by Isago et al [29], carried out in
peripheral rat wounds and using polyurethane foam.
Negative pressures of -50, -75 and -125 mmHg caused
similar reduction in wound area. Furthermore, in a pig
sternotomy wound model [21], the wound contraction
upon NPWT application was similar in wounds treated
with low (-50 to -100 mmHg) and high (-150 to -200
mmHg) negative pressures. Thus, both low and high
levels of negative pressure will induce macro-mechanical
deformation during NPWT.

Conclusions
In conclusion, NPWT contracts the wound and causes
macro-deformation of the wound edge tissue. This
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mechanical stress in the tissue and at the wound-foam
interface creates shearing forces that is known to pro-
mote granulation tissue formation and facilitate healing.
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