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Summary

The aim of this research was to determine whether it is possible to
increase myocardial microvascular blood flow by applying a topical
negative pressure (TINP) directly to the myocardium. The application
of topical negative pressure is a relatively new wound healing
technique. When used in wound therapy, it has been shown to
increase microvascular blood flow, to stimulate granulation tissue
formation, and to stimulate angiogenesis in the underlying tissue,
mainly subcutaneous tissue and skeletal muscle. It was found that
applying a topical negative pressure of -50 mmHg over the left
anterior descending artery (LAD) region induced a significant
increase, not only in local microvascular blood flow, but also in total
coronary blood flow in normal and ischaemic myocardium. A
significant correlation was found between changes in coronary blood
flow and TNP. Having studied pressures between -50 mmHg and -
150 mmHg, it was found that a TNP of -50 mmHg seemed to be the
most effective negative pressure. Furthermore, no zone of
hypoperfusion was observed in the epicardium at this TNP. Finally, it
was established that there was no significant difference between

microvascular blood flow during 20 minutes of continuous and
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intermittent TNP at -50 mmHg,.

In conclusion, the application of topical negative pressure to the
myocardium may, in the future, constitute an alternative therapeutic
intervention to stimulate blood flow in the failing myocardium in

patients with ischaemic heart disease.
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Populédrvetenskaplig sammanfattning

(Summary in Swedish)

Infektion i bréstkorgshalan efter hjartkirurgi (mediastinit) och ar en
potentiellt livshotande infektion. Traditionellt behandlade man
mediastinit med bland annat £6rdréjd slutning av brostbenet eller
behandling med spoldrinage. Med dessa sar vards behandlingar anses
mediastinit ge en dalig prognos for lang tids 6verlevnad efter
hjartkirurgi. Under de senaste tio aren har undertrycksbehandling
introducerats som en alternativ behandlingsmetod.
Undertrycksbehandling av mediastinit patienter har visat sig vara
framgangsrik. I studier didr man studerat 6verlevnad har det visat sig
att dessa patienter har lika god langtidséverlevnad som patienter som

genomgitt hjirtkirurgi utan att ha drabbats av mediastinit.

Undertrycksbehandling 6kar blod flédet i den underliggande
vivnaden, genom mekanisk sugkraft och genom att stimulera
bildningen och tillvixten av nya blodkirl. En mojlig forklaring till de
goda behandlingsresultaten kan vara att undertrycket under pagiaende

undertrycksbehandling av patienter med mediastinit, 4r i direkt
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kontakt med hjirtat, och dirigenom ir det mojligt att
undertrycksbehandlingen dven 6kat blodflédet och kirlnybildningen i

hjartat.

Samtliga férsok har gjorts pa 70 kilos grisar. Det mikrovasculira
blodflédet har mits pa frimre delen av hjirtat med Laser Doppler
teknik, och kranskdrlens blod fléde har mits med ultraljudsprober.
Mitningarna har gjorts fore och efter applicering av olika tryck nivaer,

och under olika tidsperioder, och pa olika djup i hjirtmuskeln.

Vi har visat att det ar mojligt att med hjalp av undertrycks behandling
signifikant 6ka blodflédet under bade normala och syrefattiga
forhallanden . Vi har ocksa visat att -50 mmHg dr det optimala trycket
vid undertrycksbehandling av hjirtat, och att blod flédes6kningen ar
ett resultat av en 6kning av det totala blod flédet till hjdrtat. Da
undertrycksbehandling anvinds vid sar likning har man pavisat en
minskning av blod flédet nagra millimeter ner i vivnaden, nirmast

undertryckskallan, liknande férhallande kunde vi inte pavisa 1 hjirtat.

Patienter med svarbehandlad kirlkramp, dir konventionella
behandlingar si som percutaneous coronaty interventions/ballong
dilatation eller hjirtoperation i form av bypass-operation inte ha haft
onskad effekt, representerar idag en klinisk utmaning, pa grund av
avsaknad av effektiva alternativa behandlingsmetoder. Olika

behandlings strategier har provats som t ex transmyokardiell laser



behandling och kardiell denervering utan tillfredstillande kliniskt

resultat. Detta dr en relativt stor patient grupp, med ett stort lidande.

Undertrycksbehandling har potential att i framtiden kunna utgbra en

alternativ behandlig for patienter med svarbehandlad kirlkramp.



Abbreviations

CABG Coronary Artery Bypass Grafting
CCX Circumflex Coronary Artery

CPB Coronary Pulmonary Bypass

DPTI Diastolic Pressure Time Index

EVR Endocardial Viability Ratio

LAD Left Anterior Descending Artery
LVEDP Left Ventricular End-Diastolic Pressure
MMP Matrix MetalloProteinase

PCI Percutaneous Coronary Intervention
PU Perfusion Units

RCA Right Coronary Artery

TNP Topical Negative Pressure

TTI Tension Time Index

VEGF Vascular Endothelial Growth Factor
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Chapter 1

Introduction

1.1  Development of the topical negative pressure technique

Topical negative pressure (TNP) therapy (also called vacuum-assisted
closure (VAC) therapy, vacuum sealing or vacuum therapy) has
developed from the standard surgical procedure of vacuum-assisted
drainage to remove blood or serous fluid from a wound or surgical
site. In essence, the TNP technique is very simple. A piece of foam,
with an open structure, is inserted into the wound cavity and a wound
drain with lateral perforations is placed on top of it. The entire area is
then covered with a transparent adhesive membrane, which is firmly
secured to the healthy skin around the wound margin. When the
exposed end of the drain tube is connected to a vacuum source, fluid
is drawn from the wound through the foam into a reservoir for
subsequent disposal. The plastic membrane prevents the ingress of air
and allows a partial vacuum to form within the wound, reducing its

volume and facilitating the removal of fluid.




Figure 1.1. Illustration of the application of TNP therapy to a wound, showing the occlusive

dressing and vacuum pump (KCI Copenhagen).

The practice of exposing a wound to sub-atmospheric pressure for an
extended period of time to promote healing was first described by
Fleischmann et al. in 1993, following the successful use of this
technique in 15 patients with open fractures. They reported that the
treatment resulted in, “efficient cleaning and conditioning of the
wound, with marked proliferation of granulation tissue”(1). No bone
infections occurred in any of the patients, although one developed a
soft tissue infection, which subsequently resolved with further

treatment(1). In two further papers, Fleischmann and his colleagues




described the treatment of 25 patients with compartment syndromes
of the lower limb(2) and 313 patients with various types of acute and
chronic infections(3). Further success with topical negative pressure
treatment in Germany was reported by Muller (4) following the

treatment of 300 patients with infected wounds.

In these early studies, negative pressure was achieved by the use of
conventional methods such as wall suction equipment or surgical
vacuum bottles. Both these systems are associated with practical
problems in terms of the delivery, control and maintenance of the
required levels of negative pressure, as discussed by Banwell et al. (5).
In 1995, a commercial system for vacuum-assisted closure was
introduced in the United States. This equipment, called the VAC®,
was designed to overcome some of the problems described by
Banwell. The heart of the system is a microprocessor-controlled
vacuum unit that is capable of providing controlled levels of
continuous or intermittent sub-atmospheric pressure ranging from -25

to -200 mmHg.

In early studies no attempts were made to investigate the physiological
mechanisms behind the observed clinical effects, or to determine the
optimum level of pressure. A seminal study by Morykwas et al.
addressed both these issues using a series of animal studies(6). Deep
circular defects, 2.5 cm in diameter, produced on the backs of pigs

were dressed with open-cell polyurethane-ether foam with a pore size




ranging from 400-600 um. In the first series of experiments, a laser
Doppler technique was used to measure blood flow in the
subcutaneous tissue and muscles surrounding the wounds as these
were exposed to increasing levels of negative pressure, applied both
continuously and intermittently. Their results indicated that while an
increase in blood flow equivalent to four times the baseline value
occurred with a negative pressure of -125 mmHg, blood flow was
inhibited by the application of negative pressures of -400 mmHg and
above. A negative pressure of -125 mmHg was therefore used in
subsequent studies. The rate of granulation tissue production under
negative pressure was determined using the same model by measuring
the reduction in wound volume over time. Compared with control
wounds dressed with saline-soaked gauze, significantly increased rates

of granulation tissue formation were observed with the application of
both continuous (63.3 = 26.1%) and intermittent (103% %35.3%)

negative pressure.

The observation that intermittent or cycled treatment appeared to be
more effective than continuous therapy is interesting, although the
reasons for this are not fully understood. Two possible explanations
were advanced by Philbeck et al.(7). They suggested that intermittent
pressure application results in rhythmic perfusion of the tissue, which
is maintained because the process of capillary autoregulation is not

activated. They also suggested that as cells that are undergoing mitosis




must go through a cycle of rest, cellular component production and
division, constant stimulation may cause the cells to ‘ignore’ the
stimulus. Intermittent stimulation allows the cells time to rest and
prepare for the next cycle. For this reason, it has been suggested that
cyclical negative pressure should be used clinically, although some
authors(8) suggest that this should follow a 48-hour period of
continuous vacuum to bring about a rapid initial cleansing effect.
Following these investigations, Morykwas and colleagues postulated
that multiple mechanisms might be responsible for the effects
observed. In particular, they suggested that the removal of interstitial
fluid decreased localised oedema and increased blood flow, which in
turn decreased bacterial levels in tissue. It has since been proposed
that the application of sub-atmospheric pressure produces mechanical
deformation or stress within the tissue resulting in protein and matrix
molecule synthesis(9) and enhanced angiogenesis. Using the rabbit ear
as a model, Fabian et al. provided further evidence of the stimulatory
effects of sub-atmospheric pressure on the production of granulation
tissue, and also demonstrated a trend towards enhanced
epithelialisation(10). In experimental partial-thickness burns in pigs,
sub-atmospheric pressure was shown to prevent progressive tissue
damage in the zone of stasis that surrounds the area of the initial
injury. This effect was demonstrable within 12 hours of injury, with
treatment times as short as six hours being sufficient to exert a
measurable effect(11). The authors proposed that the removal of

oedema fluid, containing suspended cellular debris, osmotically active




molecules and biochemical mediators released following the initial

injury, may lessen the obstruction of blood flow.

Numerous other papers have described the use of TNP in the

treatment of a variety of wound types, including extensive degloving
injuries(12, 13), infected sternotomy wounds(8, 14) and various soft
tissue injuries prior to surgical closure(5, 15-17), and in burn wound

management(18, 19).

1.2 Physiological basis of TNP

Numerous theories have been advanced to explain the physiological
basis of the marked improvement in clinical outcomes achieved with
TNP. Two basic, broad mechanisms have been proposed to account
for the increased rate of granulation tissue formation and accelerated
healing rate: a fluid-based mechanism and a mechanical mechanism.
Application of a controlled vacuum to the wound interface facilitates
the removal of excess interstitial fluid due to the higher pressure
gradient. This physically results in a decrease in interstitial pressure.
When the interstitial pressure falls below the capillary pressure, the
capillaries reopen and flow to the periwound tissue is restored. This
same mechanism is responsible for the success of the vacuum
technique for decompression of both muscle compartment and

abdominal compartment syndrome. All non-bound soluble factors




will also be removed with the fluid, including inhibiting factors and
promoting factors. Numerous descriptions have been presented of the
change in concentration of various factors over time. Factors
measured range from growth factors to metalloproteinases to C-
reactive protein. The interactions between the soluble factors related
to wound healing, and also those factors and interactions that inhibit
or delay healing, are extremely complex. The same factor can both
promote and inhibit wound healing, depending on the concentration
and timing during the healing process(20). Moreover, the negative
pressure and increase in blood flow to the wound bed have been
shown to accelerate the formation of granulation tissue (6, 21-23).
Interestingly, intermittent application of sub-atmospheric pressure has
produced superior results, possibly due to mitigation of the cellular
desensitization that occurs with exposure to continuous sub-
atmospheric pressure(20). Although it is likely that each of these
factors plays a role in the action of TNP, the application of
mechanical forces to the wound site is probably the most significant

mechanism of action.

Mechanical force is known to be responsible for the induction of cell
proliferation and division. Plastic surgeons use tissue expansion to
obtain soft-tissue envelopes in reconstructive surgery, while
orthopaedic surgeons and maxillofacial surgeons use distraction
osteogenesis to lengthen bones(24, 25). Ingber et al. have shown that
for cells to respond to soluble mitogenic factors and proliferate, they

must be extended, leading to isometric tension, either by adherence to




a stiff substrate or by external application of mechanical forces(20).
Only stretched cells can divide and proliferate in response to soluble
growth factors, whereas cells that are not stretched and assume a
more spherical shape are cell-cycle arrested and tend to undergo
apoptosis(27, 28). It has also been shown 77 vitro that directional
growth of capillary sprouts is promoted by the application of tension
in three-dimensional angiogenesis models(28-31). The applied forces
deform the extracellular matrix and, as cells are anchorage-dependent,
the cells in the stretched tissue are deformed(32, 33). Cell deformation
has been shown to cause a wide variety of molecular responses,
including changes in ion concentration and permeability of membrane
ion channels, release of secondary messengers, stimulation of
molecular pathways, and alterations in gene expression(34). Moreover,
it is known that vascular endothelial cells express a different array of
genes depending on whether they have been exposed to static, laminar
or turbulent flow(35-37). It is apparent that cells are able to sense
mechanical forces and respond through the regulation of specific
genes and the induction of cellular programmes. The exact
mechanisms behind these effects are not fully understood, but are
probably related to conformational changes in the cytoskeleton in
response to mechanical forces. This behaviour provides a natural
mechanism for tissue homeostasis, where tissue mass expands, cells

are stretched and are thus stimulated to divide.

The application of negative pressure may promote wound

angiogenesis by directly stimulating endothelial cells. For example, the




application of TNP may cause local wound hypoxia, which is a potent
stimulator of vascular endothelial growth factor (VEGF) production,
the major endothelial cell mitogen (38). Alternatively, TNP may
activate signal transduction pathways leading to endothelial cell
division and growth factor production since endothelial tension causes
capillary sprouting, gene expression, and changes in matrix
metalloproteinase (MMP) activity(29, 36, 39, 40). While TNP may
directly stimulate endothelial proliferation by local hypoxia or cell
deformation, increased wound angiogenesis may be an indirect effect
of the TNP-mediated reduction in MMP activity. Although low levels
of MMPs have been shown to favour angiogenesis, elevated MMP
activity inhibits neovascularization and is associated with chronic
wounds(41-43). Specifically, the levels of the gelatinases MMP-9 and
MMP-2 are significantly higher in nonhealing wounds, but return to
normal as wound healing progresses towards closure(44-49). In
addition, chronic wound exudates that inhibit endothelial activity will
instead stimulate angiogenesis after treatment with an MMP
inhibitor(50). A reduction in MMP activity may promote endothelial
proliferation by lowering MMP-mediated angiostatin and endostatin
production(47, 51). Alternatively, the inhibition of a MMP-propagated
inflammatory cascade may provide an environment more favourable

to capillary growth(52).

Mechanical properties seem to have a greater influence on clinical
efficacy than fluid-based properties, according to a recently published

article, in which the authors showed that the application of




mechanical shear stresses was able to activate the VEGF pathway

without any VEGF being present in the culture fluid (53).

Microtubules Cell membrane

Microfilaments

ECM proteins = Cell stretCh s==p

Figure 1.2. Schematic view of a cell (with cytoskeletal elements) attached to a basement
membrane. The cell can be extended by attachment to the extracellular matrix and/or by the
application of an external force. It has been hypothesized that when microfilaments and
microtubules are deformed by cell stretching, they trigger the regulation of gene pathways. From:

plastic and reconstructive surgery, October 2004.

1.3 Post-sternotomy mediastinitis

Post-sternotomy mediastinitis after coronary artery bypass grafting
(CABG) is a serious and potentially life-threatening complication, with
a high mortality rate and substantial morbidity(54-57). Recently, the
use of TNP has gained acceptance in the treatment of post-
sternotomy mediastinitis, and is today the standard mode of treatment
in many cardiac surgery centres throughout the world(58-62). Before
the introduction of TNP therapy, the risk of late death in patients

suffering from mediastinitis after cardiac surgery was reported to be
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two to three times higher than that of patients without
mediastinitis(54-56). Milano and colleagues suggested that
mediastinitis may have negative long-terms effects on several organs,
such as the heart and kidneys(63). Theoretically, a massive
immunological response during a prolonged period of infection may
cause adverse effects on bypass grafts. In studies reporting poor long-
term survival after mediastinitis, several conventional wound healing
techniques were used (closed irrigation, delayed wound closure, or
reconstruction with omentum or pectoral flaps). Interestingly, Sjogren
and co-workers, found no difference in long-term survival between
CABG patients with TNP-treated mediastinitis and CABG patients
without mediastinitis(60). During the treatment of post-sternotomy
mediastinitis with TNP, the pressure is in direct contact with the
heart, which is exposed through the diastase of the sternotomy. These
patients may therefore have developed increased coronary collateral
blood vessels during TNP, and may be better prepared when bypass
grafts fail to work. In the research described in this thesis, richly
vascularized granulation tissue was seen to develop over the heart
within 7-8 days in patients treated with TNP. It may well be that the
stimulation of blood flow and the development of collateral blood
vessels resulting from TNP in part account for the reduced long-term

mortality in patients treated in this way.
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1.4  Coronary anatomy and blood flow

The heart has the highest oxygen consumption per unit mass of all
human organs. The resting coronary blood flow is 250 ml/min, and
represents 5% of the cardiac output. Ischaemia results when the
oxygen demand exceeds the supply. Arterial oxygen extraction is 70—
80%, compared with 25% for the rest of the body. Therefore,
increased oxygen consumption must principally be met by an increase
in coronary blood flow, which may increase fivefold during exercise.
Supply usually closely matches the change in demand. However, an
increase in coronary blood flow can independently increase
myocardial oxygen consumption. This may be explained by full
coronary arteries splinting the heart and increasing the end-diastolic
tibre length and contractility(64). The two coronary ostia arise from
the sinuses of Valsalva just above the aortic valve. The left main
coronary artery divides into the left anterior descending (LAD) and
circumflex (CCX) branches. It supplies the lateral and anterior walls of
the left ventricle and the anterior two thirds of the interventricular
septum. The right coronary artery (RCA) supplies the right ventricle,
the posterior wall of the left ventricle and posterior third of the
septum. The major coronary arteries divide into epicardial arteries.
These vessels distribute blood to different regions of the heart muscle.
When the vessels are not diseased, they have a low vascular resistance
relative to their more distal and smaller branches, which comprise the
microvascular network. As in all vascular beds, it is the small arteries

and arterioles in the microcirculation that are the primary sites of

12



vascular resistance, and therefore the primary source of regulation of
blood flow. The arterioles branch into numerous capillaries that lie
adjacent to the cardiac myocytes. A high capillary-to-cardiomyocyte
ratio and short diffusion distances ensure adequate oxygen delivery to
the myocytes and the removal of metabolic waste products from the
cells (e.g., CO, and H"). Capillary blood flows into the venules, which
join together to form cardiac veins, and then drains into the coronary
sinus located on the posterior side of the heart, which in turn drains
into the right atrium. There are also anterior cardiac veins and

thebesian veins that drain directly into the cardiac chambers(64).
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Figure 1.3. Schematic view of the coronary arteries and veins; the arteries are shown in red, and

the veins in blue.
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1.5 Determinants of coronary blood flow

The factors that determine coronary blood flow are the coronary
perfusion pressure, the perfusion time and the blood vessel wall
diameter. During systole, intramuscular blood vessels are compressed
and twisted by the contracting heart muscle and blood flow to the left
ventricle is at its lowest. The pressure is greatest in the subendocardial
layers where it approximates the intramyocardial pressure. In systole,
intramyocardial blood is propelled forwards towards the coronary
sinus and retrogradely into the epicardial vessels, which act as
capacitors. Flow resumes during diastole when the muscle relaxes.
The coronary perfusion pressure is the difference between the aortic
diastolic pressure and the left ventricular end-diastolic pressure
(LVEDP). Phasic changes in blood flow to the right ventricle are less
pronounced because of the lesser force of contraction. Central venous
pressure may be more appropriate for calculating the right-sided
coronary perfusion pressure(64). An increase in heart rate affects the
diastolic period more than the systolic period, and reduces the
coronary blood vessel perfusion time. Vasomotor tone and deposits
inside the vascular lumen determine the vessel wall diameter. The
interplay of various mechanisms that regulate the coronary vasomotor

tone usually favours vasodilatation(65).

1.6 Factors influencing the vasomotor tone

The factors influencing the vasomotor tone are the following: the

myocardial metabolism, the autoregulation of the blood vessels, the

14



nervous and humoral control, the vascular endothelium and the
myocardial oxygen balance. The vasomotor tone is almost exclusively
determined by local metabolic oxygen demand. Hypoxia causes
coronary vasodilatation directly but also releases adenosine and opens
ATP-sensitive potassium channels. Pre-capillary sphincters are relaxed

and more capillaries recruited.

Under resting conditions, coronary blood flow remains constant at
mean arterial pressures between 60 and 140 mm Hg. Outside this
range, flow becomes pressure-dependent. Probable mechanisms
include the myogenic response to intraluminal pressure changes (fast)
and metabolic regulation (slow). The myocardial oxygen tension and
the presence of vasoconstrictors or vasodilators influences the range

of coronary autoregulation(66).

Autonomic influences are generally weak. It is difficult to determine
the role of neural control on coronary blood flow, as the metabolic
effects of any change in blood pressure, heart rate or contractility
dominate the subsequent response. The epicardial blood vessels have
primarily receptors, the stimulation of which produces
vasoconstriction. Intramuscular and subendocardial blood vessels
have predominantly b, receptors (vasodilatation). Sympathetic
stimulation increases myocardial blood flow in response to an increase
in metabolic demand and a predominance of b receptor activation.
Alpha stimulation may play a role in the distribution of blood flow

within the myocardium by restricting metabolically mediated flow
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increase and exerting an anti-steal affect. Parasympathetic influences
are minor and weakly vasodilatory. The vasodilatory effect of

acetylcholine is dependent on an intact endothelium(65, 66).

Most vasoactive hormones require an intact vascular endothelium.
The peptide hormones include antidiuretic hormone, atrial natriuretic
peptide, vasoactive intestinal peptide and calcitonin gene-related
peptide. Antidiuretic hormone has little effect on the coronary
circulation at physiological concentration, but causes vasoconstriction
in stressed patients. The other peptides cause endothelium-mediated
vasodilatation. Angiotensin II causes coronary vasoconstriction,
independent of sympathetic innervation. It also enhances calcium
influx and releases endothelin, the strongest vasoconstrictor peptide
yet identified in humans. Angiotensin-converting enzyme inactivates
bradykinin, a vasodilator. The vascular endothelium also regulates
vasomotor tone. It modulates the contractile activity of the underlying
smooth muscle through the synthesis and secretion of vasoactive
substances in response to blood flow, circulating hormones and
chemical substances. Vasorelaxants include endothelium-derived
relaxing factor, nitric oxide, prostacyclin and bradykinin.
Vasoconstrictors include endothelin and thromboxane A,. The net
response depends on the balance between the two opposing

oroups(67, 68).

Oxygen delivery is the product of arterial oxygen-carrying capacity and

myocardial blood flow. The diastolic pressure time index (DPTI) is a

16



useful measure of coronary blood supply, and is the product of the
coronary perfusion pressure and diastolic time. Similarly, the oxygen
demand can be represented by the tension time index (T'TT), which is
the product of systolic pressure and systolic time. The ratio
DPTI/TTI is called the endocardial viability ratio (EVR) and
represents the balance between myocardial oxygen supply and
demand. The EVR is normally 1 or more. A ratio <0.7 is associated

with subendocardial ischaemia(66, 69).

Progressive ischaemic coronary artery disease results in the
growth of new vessels (angiogenesis) and collateralization within the
myocardium. Collateralization increases the myocardial blood supply
by increasing the number of parallel vessels, thereby reducing vascular
resistance within the myocardium. Coronary artery disease usually
leads to a reduction in coronary blood flow. This will increase the
amount of oxygen extracted from the coronary blood and decrease
the venous oxygen content. This leads to tissue hypoxia and angina. If
the lack of blood flow is due to a fixed stenotic lesion in the coronary
artery (due to atherosclerosis), blood flow can be improved in that

vessel by percutaneous coronary intervention (PCI) or CABG(60).
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Figure 1.4. Factors affecting coronary vasomotor tone; #; alpha receptor, 1; beta receptor, M;
muscarinic receptor, AT; angiotensin receptor, ET; endothelin receptor, K+ ATP; ATP-sensitive
potassium channel. Vasomotor tone is ultimately mediated by the vascular endothelium, which
secretes vasodilators; endothelium-derived relaxant factor (EDRF), nitric oxide and endothelin, a

pOtCﬂt vasoconstrictot.

1.7  Autoregulation

Autoregulation is a manifestation of local blood flow
regulation. It is defined as the intrinsic ability of an organ to
maintain a constant blood flow despite changes in perfusion
pressure. For example, if the perfusion pressure to an organ is
decreased (e.g., by partially occluding the arterial supply to the
organ), blood flow initially falls, then returns towards the normal

level over the next few minutes. This autoregulatory response
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occurs in the absence of neural and hormonal influences and is
therefore intrinsic to the organ. When the perfusion pressure
(arterial minus venous pressure, P,-Py) initially decreases, the blood
flow (F) falls according to the following relationship between

pressure, flow and resistance (R):

When the blood flow falls, the arterial resistance falls as the
resistance vessels (small arteries and arterioles) dilate. Many studies
suggest that that these metabolic, myogenic and endothelial
mechanisms are responsible for this vasodilation. As resistance
decreases, blood flow increases despite the reduction of perfusion
pressure(64). If the perfusion pressure is reduced from 100 to 70
mmHg, it causes flow to initially decrease by approximately 30%.
Over the next few minutes, however, flow begins to increase back
towards the normal value if the organ is capable of autoregulation.
This occurs because vascular resistance falls. If autoregulation does

not occur, the flow will remain decreased(64).

Different organs display varying degrees of autoregulatory
behaviour. The renal, cerebral and coronary circulations show
excellent autoregulation, whereas skeletal muscle and splanchnic

circulations show moderate autoregulation. The cutaneous
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circulation shows little or no autoregulatory capacity(64). There are
situations in which arterial pressure does not change, but
autoregulation is still very important. Whenever a distributing
artery to an organ becomes narrowed (e.g., atherosclerotic
narrowing of the lumen, vasospasm or partial occlusion by a
thrombus) this can result in an autoregulatory response. Narrowing
of distributing arteries increases their resistance and hence the
pressure drop along their length. This results in a reduced pressure
in smaller arteries and arterioles, which are the primary vessels for
regulating blood flow within an organ. These resistance vessels
dilate in response to reduced pressure and blood flow. This
autoregulation is particularly important in organs such as the brain
and heart, in which partial occlusion of large arteries can lead to
significant reductions in oxygen delivery, thereby leading to tissue

hypoxia and organ dysfunction(64).

1.8  Stenosis

Stenosis increases the vascular resistance, as described by Poiseuille’s
equation, which states that resistance is inversely related to the
radius to the fourth power. Therefore, if the radius (or diameter) of
a vascular segment is reduced by one-half, the resistance within that
narrowed segment increases 16 times. If this vascular segment were
being perfused in isolation, the flow would be decreased 16-fold if
the perfusion pressure remained constant(64). The term ‘critical

stenosis’ refers to the critical narrowing of an artery (stenosis) that
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results in a significant reduction in maximal flow capacity in a distal
vascular bed. A critical stenosis may or may not reduce the resting
flow depending on the organ’s capacity to autoregulate its blood
flow and the development of collateral blood flow, both of which
serve to reduce the overall resistance in the smaller resistance
vessels. Resting flow is affected if the diameter is reduced by 80%.
With increasing stenosis, distal arterioles dilate maximally to
preserve flow up to the point where the vascular bed 1s maximally
dilated. Further stenosis leads to a drop in flow and the flow
becomes pressure dependent. Flow diverted into a dilated parallel
bed proximal to a stenosis is called ‘coronary steal” and can aggravate
ischaemia. Flow in collateral vessels is also often pressure

dependent(64).

1.9 Collateral blood flow

Collateral vessels can play a significant role in supplying oxygen to an
organ, particularly when oxygen delivery is limited by disease in the
normal vasculature. Collateral vessels may be pre-existing vessels that
normally have little or no blood flow. Acute occlusion of normal
vessels (e.g., thrombosis of a large artery) can cause the redistribution
of pressure within the vascular bed, thereby causing blood flow to
occur in collateral vessels. Conditions of chronic stress (e.g.,
endurance exercise training or chronic hypoxia) can cause new blood

vessels to form by angiogenesis(64). Collateral blood vessels are
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particularly important in the coronary and skeletal muscle circulations.
In the heart, collateral vessels can help to supply blood to ischaemic
regions caused by stenosis or the occlusion of epicardial arteries.
Collateral blood flow may be an important mechanism in limiting
infarct size in the heart. Current research is directed towards
stimulating the formation of collateral blood vessels by treating the
heart with drugs that stimulate angiogenesis (66).

A B

colla:\e‘r}{

circulation

Figure 1.5. (A) A schematic view of a coronary artery with a chronic occlusion, and collateral
blood vessel formation around the occluded attety, i.e. collateral circulation. (B) Coronary
angiography in the right anterior oblique view (RAO), showing the right coronary artery (RCA)

and retrograde flow to the left coronary artery (LCA) via collateral vessels.

1.10 Ventricular fibrillation

Sinus rhythm of the heart consists of systolic and diastolic phases.
When the left ventricle contracts it compresses vessels in its walls and
reduces coronary flow. The comprehensive force is greater in

subendocardial muscle, i.e. the same or higher pressure than in the left
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ventricular cavity(70). The pressure falls toward the epicardium where
it reaches levels close to atmospheric pressure. In diastole all parts of
the ventricular wall are perfused, whereas in systole only the epicardial
part is perfused(70). During ventricular fibrillation there is no
synchronized contraction in the ventricles. However, if the perfusion
pressure is kept around 100 mmHg, as for example during coronary
pulmonary bypass (CPB), the myocardium will still be adequately
perfused(71). If the perfusion pressure is reduced to approximately 50
mmHg, the left ventricular flow may be redistributed away from the

subendocardium, and ischaemia may occur in this area(71).

1.11 Ventricular fibrillation and ischaemia

Ischaemia is more prone to occur during the circumstances mentioned
above if the ventricular wall is hypertrophied(72). Hottenrot et al.
showed in 1972 that perfusion of a fibrillating dog heart for one to
two hours did not damage the subendocardial muscle unless a strong
electrical stimulus was maintained(73). Buckberg et al. showed in 1977
that the myocardial wall tension is always higher in a fibrillating heart
than in a beating heart during both normothermia and
hypothermia(74). They also showed that left ventricular coronary flow
remained distributed equally over the ventricular wall in both the
beating and fibrillating heart at temperatures of 28 and 22/ C, but was
redistributed towards the subendocardium in the fibrillating heart at
37 and 32LC. Moreover, cold fibrillating hearts were found to

consume slightly less oxygen per minute than beating hearts at
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comparable temperatures, as fibrillation consumed less energy under
hypothermia(74, 75). To avoid subendocardial ischaemia in the
fibrillating heart during CPB no sustained electrical stimuli should be
used, the ventricle should be protected from distension with, for
example, a ventricular vent, and the perfusion pressure should be kept
above 50 mmHg(76). Prolonged ischaemia may also produce a

myocardial oedema that may influence subendocardium perfusion(76).

1.12 Theory of laser Doppler flowmetry

Laser Doppler flowmetry is a non-invasive method of estimating
blood perfusion in the microcirculation. The method was first
introduced over 30 years ago and has undergone continuous
development since(77, 78). The advantage of the technique is that it
provides a continuous, or almost continuous, record of the
microvascular blood flow. The principal disadvantage is that it is
impossible to calibrate the flow in absolute units. A beam from a red
or near infrared, low-power laser is directed via an optical fibre onto
the tissue that is to be studied, and the light scattered back from the
tissue is collected by one or more optical fibres and analysed. Several
parallel fibres are used in a single probe. Light scatted from moving
blood cells within the tissue undergoes a change in wavelength,
equivalent to a shift in frequency (the Doppler shift), the magnitude of
which depends on the velocity of the red blood cells. Light scattered

from stationary structures shows no change in frequency. The light
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collected by the returning fibre is converted into an electronic signal
and analysed. The amplitude of the fluctuation will increase with the
intensity of the incident light and the number of cells scattering the
light. No current laser Doppler instrument can provide absolute
values of perfusion, and the results are therefore expressed as arbitrary
perfusion units (PU). To enable the comparison of results it is

essential to calibrate laser Doppler equipment(79-81).

1.13 Laser Doppler measurements on the heart

Laser Doppler flowmetry measurements provide a continuous record
of the microvascular blood flow or microvascular perfusion.
Radioactive or coloured microspheres have also been used to measure
microvascular perfusion, for example, before and after the injection of
a drug into the myocardium(82-84). In 1996, Sidi et al. compared the
use of radioactive microspheres to laser Doppler flowmetry for
measuring regional myocardial blood flow. Laser Doppler flowmetry
was found to correlate better to changes in the microvascular blood

flow than the measurements with radioactive microspheres(83).

Laser Doppler measurements of the blood flow in the myocardium
are complex. In 1988, Ahn et al. assessed the myocardial perfusion in
six empty beating porcine hearts with laser Doppler flowmetry. CPB
was instituted and continuous and simultaneous measurements were
made of coronary sinus blood flow and local tissue perfusion. An

epicardial and an intramuscular probe were used. They found
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significant linear correlation between changes in the laser Doppler
signal and the coronary sinus blood flow, and between laser Doppler
signals and changes in extracorporeal bypass flow rate. The correlation
between coronary sinus flow rate and bypass flow rate was significant.
The muscular activity of the heart contributed to the laser Doppler
signal, and the magnitude of the ‘noise’ varied between different
experiments, even in the same animal, which made it difficult to
discriminate between the contributions from blood flow and muscular

activity(85).

Ahn et al. also applied laser Doppler flowmetry to the arrested heart
of four pigs and to the fibrillating heart of three pigs during
cardiopulmonary bypass. The rate of coronary blood flow was
maintained during cardiac arrest by infusion of hyperkalaemic blood
into the aortic root. A significant correlation was found between the
laser Doppler signal and coronary blood flow rate during cardiac
arrest. During ventricular fibrillation, there was a significant
correlation between the laser Doppler signal and extracorporeal blood
flow after the release of the aortic cross-clamp. A residual laser
Doppler signal, of about 60% of the maximal value, was recorded
after the bypass flow was discontinued. Ahn et al. concluded that laser
Doppler flowmetry allows the measurement of myocardial perfusion
in the arrested porcine heart, and that the muscular activity of the
heart contributes to the output signal during ventricular
fibrillation(86). However, it is unclear if the venous blood returning to

the heart from the superior and inferior vena cava, and also the
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associated cava (specific to pigs), was occluded in the study when the
bypass flow was discontinued, or if the measurements were adjusted
to the systemic pressure. If the measurements were not adjusted, the
returning venous blood would probably have raised the
intraventricular pressure and the tension of the myocardial ventricular
wall, which might have influenced the measurements(87). It was
shown, in a porcine model, that ventricular fibrillation causes venous
congestion, an empty left heart, and a greatly distended right heart
within 3 min, and that the blood pressure is 50 mmHg after 20
seconds and 20-30 mmHg after 1'2-2 minutes, which might also have

influenced the measurements(87).

In 2001, Barclay et al. demonstrated laser Doppler measurements in a
canine beating heart without CPB. To obtain a stable measurement of
predominately the motion of red cells in the microcirculation they
used an ultra-stable laser and achieved measurement stability by
heterodyning the laser light and reflected light from the tissue, which
introduces further complexity into the measurements(88). Li XF et al.
performed myocardial microperfusion measurements by laser Doppler
flowmetry in a beating rat heart. To obtain stable measurements they
used needle laser Doppler probes with a holder that was adhered to
the epicardium(89). During low-intensity ventricular fibrillation, the
heart muscle makes small movements, and the artefacts and any
possible movement of the probe can be minimized, thereby making
measurements of the myocardium with laser Doppler flowmetry

easier. Changes in the tissue caused by trauma, including bleeding,
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ischaemia and oedema, might influence the microvascular circulation
leading to erroneous results. Probe movement can also have a

significant influence on the laser Doppler measurements.

1.14  Ultrasonic flow meter

An ultrasonic flow meter (or non-intrusive Doppler flow meter) is a
volumetric flow meter that requires particulates or bubbles in the
flow. The basic principle of the technique is the Doppler shift in
frequency, as above, but in this case that of an ultrasound signal when
it is reflected by suspended particles or gas bubbles (discontinuities) in

motion(90).
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Chapter 2

AIms

The aims of this work were:

Paper I

Paper I was designed to elucidate whether the increase in
microvascular blood flow due to TNP is the result of an increase in
the total amount of coronary blood flow, or merely the redistribution
of coronary blood flow. A redistribution of, or decrease in, the total
coronary blood flow could cause ischaemia in parts of the
myocardium not exposed to TNP. However, an increase in total
coronary blood flow would theoretically stimulate granulation tissue
formation, i.e. endothelial proliferation, capillary budding and
angiogenesis. The paper was also intended to reveal any correlation
between microvascular blood flow measured by laser Doppler
flowmetry, and coronary blood flow measured by coronary ultrasonic

flowmetry.
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Paper 11

Paper II was designed to investigate whether the application of TNP
directly to normal, ischaemic and reperfused myocardium resulted in
an increase in microvasculatr blood flow, such as that seen when
exposing skeletal muscle to TNP. Microvascular blood flow was

measured using laser Doppler flowmetry.

Paper III

The aim of paper III was to determine the negative pressure level on
the myocardium that would induce maximal increase in myocardial

microvascular blood flow in normal and ischaemic myocardium.

Paper IV

Paper IV was designed to investigate whether a relative hypoperfusion
zone is produced in the epicardium, at a depth of 1-2 mm in the heart
muscle, during the application of myocardial TNP. A large zone of
persistent hypoperfusion could theoretically cause ischaemia in the
myocardium. The microvascular blood flow was measured using laser

Doppler flowmetry.

Paper V

Paper V was designed to compare the microvascular blood flow in

ischaemic myocardium during continuous and intermittent application
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of a TNP of -50 mmHg for a period of 20 minutes. The
microvascular blood flow was measured using laser Doppler

flowmetry.
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Chapter 3

Material and Methods

3.1 Experimental animals

A porcine model was used in the studies presented in this thesis.
Domestic landrace pigs of both genders, with a mean body weight of
70 kg, were fasted overnight with free access to water. The studies
were 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 (19906).
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3.2  Anaesthesia

All animals were pre-medicated intramuscularly with ketamine (30
mg/kg) before they were brought into the laboratory. Before
commencing surgety sodium thiopental (5 mg/kg), atropine (0.02
mg/kg) and pancuronium (0.5 mg/kg) were given intravenously.
Tracheotomy was performed with a Portex endo-tracheal tube (7.5
mm internal diameter, Medcompare ™, USA). A servo-ventilator
(Siemens Elema 300A, Stockholm, Sweden) was used for mechanical
ventilation throughout the experiments. The ventilator settings used
were: minute volume = 100 ml/kg, FiO, = 0.5, breathing frequency =
16 breaths/minute and positive end expiratory pressure = 5 cmH,O.
Anaesthesia and muscular paralysis were maintained with continuous
intravenous infusion of 8-10 mg/kg/hour propofol (Diptivan®,
AstraZeneca, Sweden), 0.15 mg/kg/hour fentanyl (Leptanal®, Lilly,

France) and 0.6 mg/kg/hour pancuronium (Pavulon®, Organon
Teknika, Boxtel, the Netherlands).

3.3  Data acquisition

Mean arterial pressure, central venous pressure, heart frequency and

ventilatory parameters were recorded throughout the experiments.
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3.4  Surgical procedure

Surgery was performed through median sternotomy. After
heparinization (400 IU/kg) a CPB was installed with an arterial
cannula (22 French, DLP® Elongated One-Piece Arterial Cannula
(EOPA™), Medtronic Inc., Minneapolis, MO, USA) in the distal
ascending aorta, and a venous cannula (32 French, MC2® Two-Stage
Venous Cannula, also from Medtronic Inc.) inserted through the right
atrium. Before cannulation of the heart the cannulae were inserted
through the thoracic wall to prevent air leakage during TNP
application. CPB was conducted in normothermia. Ventricular
fibrillation was subsequently induced in the heart. No aortic cross-
clamping was performed and no cardioplegia was employed. The
mean arterial pressure was maintained between 60 and 80 mmHg. A
left ventricular vent (DLP® Vent, also from Medtronic Inc.) was used
to protect the left chamber from overloading. Pulmonary ventilation

was applied at a rate of 4 litres /minute during the experiments.

A CPB was used to facilitate measurements of the microvascular
blood flow using laser Doppler flowmetry. Fibrillation of the heart
minimizes the movement artefacts, while the physiological conditions
are, to a large extent, conserved. Moreover, CPB prevents the risk of
circulatory failure during LAD occlusion, thereby facilitating

experimental analysis in the case of the ischaemic myocardium.
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In Paper I, the coronary ultrasonic flow meter probes (CardioMed
CM-4000 Transit Time & Doppler Flow meter, type CM4001; S.N.
0171. Medi-Stim AS, Grefsen, Oslo, Norway) were positioned around
the proximal part of the coronary vessels, LAD, CCX, and RCA
respectively. The coronary blood flow was measured continuously
throughout the experiments. Calibration of each probe was checked 7

vitro at the end of each experiment.

Microvascular blood flow was measured using laser Doppler
flowmetry (a Transonic® Laser Doppler Monitor, BLF21, Maastricht,
the Netherlands was used in Paper II, and Peri Flux System 5000,
PeriMed, Stockholm, Sweden, in Studies I, III, IV and V), employing
a technique that quantifies the sum of the motion of the red blood
cells in a specific volume. This method is used extensively in plastic
surgery procedures and employs a fiberoptic probe carrying a beam of
light. Light impinging on cells in motion undergoes a change in
wavelength (Doppler shift) while light impinging on static objects
remains unchanged. The magnitude and frequency distributions of the
changes are directly related to the number and velocity of red blood
cells. The information is collected by a returning fiber, converted into

an electronic signal, and analyzed(91).

Laser Doppler probes were inserted horizontally into the heart

muscle, 6-8 mm lateral of the LAD, at depths of approximately 6-8
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mm (Studies L, I, III and V), and at depths of approximately 1-2 mm
(Paper 1V). All probes were carefully fixed to the surface of the heart
with a suture (Prolene 7-0; Ethicon Inc., NJ, USA), thereby preventing
probe movement. After the experiments, the heart was dissected and

the probe location was confirmed.

Figure 3.1. A photograph showing the location of the laser Doppler probes. Laser Doppler probes

were inserted horizontally into the heart muscle 8-10 mm lateral of the left anterior descending
artery (LAD), i.e. the septum of the heart, at depths of approximately 6-8 mm. The photograph
also shows the location of right coronary artery (RCA).

A round hole, 5 cm in diameter, was made in the middle of a phrenic
nerve pad (Phrenic Nerve Pad® Medtronic Inc.) and placed on top of
the heart. The pad was stabilized by 8-10 sutures to the surrounding
myocardium (Prolene 5-0; Ethicon Inc.) and by sutures to the
posterior sternal edges (Dermalon 2-0; Davis and Geck, St. Louis, NJ,

USA). A retractor was used throughout the experiments to keep the
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myocardium (Prolene 5-0; Ethicon Inc.) and by sutures to the
posterior sternal edges (Dermalon 2-0; Davis and Geck, St. Louis, NJ,
USA). A retractor was used throughout the experiments to keep the
sternal edges apart. A polyurethane foam dressing, with an open pore
structure of 400 to 600 um (KCI, Copenhagen, Denmark) was placed
between the sternal edges. The foam was continuously sutured to the
surrounding skin (Dermalon 2-0; Davis and Geck). The wound was
sealed with a transparent adhesive drape. A Track Pad (KCI) was
inserted through the drape and was connected to a vacuum pump,
(V.A.C. pump unit, KCI). When the negative pressure is applied, the
heart will be drawn up towards the phrenic nerve pad and the foam
without interfering with the sternal edges. This procedure causes the
application of negative pressure to affect only the myocardium

exposed by the 5 cm diameter hole.

3.5 Experimental protocol

Paper I

The coronary blood flow was measured continuously by ultrasonic
flow meter probes and the microvascular blood flow in the
myocardium was measured continuously with the laser Doppler
filament probes. Recordings were made in normal myocardium,

before and while a negative pressure of -50 mmHg was applied.
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The LAD was then occluded for 20 minutes with an elastic vessel
loop. Coronary blood flow and the microvascular blood flow were
then measured before, and after 1, 5, 10, 15 and 20 minutes of
occlusion. A negative pressure of -50 mmHg was then applied to the
heart, and changes in the coronary blood flow and the microvascular

blood flow were recorded. The negative pressure was then removed.

Paper 11

The microvascular blood flow was measured continuously by the laser
Doppler filament probes. Recordings were made in normal
myocardium, before a negative of -50 mmHg pressure was applied,

and immediately after the negative pressure was turned of.

The LAD was occluded for 20 minutes with an elastic vessel loop.
Microvascular blood flow was then measured before, and after 1, 5,
10, 15 and 20 minutes of occlusion. A negative pressure of -50 mmHg
was then applied to the heart, and changes in microvascular blood

flow were recorded. The negative pressure was then removed.

LAD occlusion was released and microvascular blood flow was
measured before, and after 1, 5, 10, 15 and 20 minutes of reperfusion.
A negative pressure of -50 mmHg was then applied to the heart, and
changes in microvascular blood flow were measured. The negative

pressure was then removed.
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Paper III

The microvascular blood flow was measured continuously via the
laser Doppler filament probes. Recordings were made in normal
myocardium, before negative pressure was applied, and at negative

pressures of -50, -75, -100, -125 and -150 mmHg.

The LAD was then occluded for 20 minutes with an elastic vessel
loop. Microvascular blood flow was measured before, and after 5, 10,
15 and 20 minutes of occlusion. Recordings were also made in
ischaemic myocardium, before negative pressure was applied, and at

negative pressures of -50, -75, -100, -125, and -150 mmHg.

Paper IV

The microvascular blood flow was measured continuously using the
laser Doppler filament probes. Recordings were made in normal
myocardium, before negative pressure was applied, and at negative
pressures of -50 and -125 mmHg. The LAD was then occluded for 20
minutes with an elastic vessel loop. Microvascular blood flow was
measured before, and after 5, 10, 15 and 20 minutes of occlusion.
Recordings were also made in ischaemic myocardium, before negative
pressure was applied, and at negative pressures of -50 and -125

mmHg,.

40



Paper V

Two series of measurements were made in the same animal with a rest
period of 20 minutes between them. The microvascular blood flow
was measured continuously by the laser Doppler filament probes. The
LAD was occluded for 20 minutes with an elastic vessel loop.
Recordings were made in ischaemic myocardium, before negative
pressure was applied, and every minute for 20 minutes during the

continuous application of a negative pressure of -50 mmHg.

Recordings were also made in ischaemic myocardium, before negative
pressure was applied, and after every minute for 20 minutes during the
intermittent application of a pressure of -50 mmHg 5 minutes
followed by 2 minutes without pressure. The order of the
measurements was reversed in alternate animals to minimize any

possible carry-over effect.

3.6 Calculations and statistics

Paper 1

Laser Doppler flowmetry was performed on six pigs. The output was
continuously recorded using PeriSoft software (PeriMed, Stockholm,
Sweden). Microvascular blood flow was expressed in terms of PU.

Calculations and statistical analysis were performed using GraphPad
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4.0 software. Statistical analysis was performed on microvascular
blood flow and coronary blood flow, using Student’s paired t-test.
Values are presented as means T the standard error on the mean
(SEM). The correlation between microvascular blood flow measured
by laser Doppler flowmetry, and coronary blood flow measured with
an coronary ultrasonic flow meter, was determined using Pearson
correlation, with a two-tailed p value. Significance was defined as

< 0.05and p > 0.05 (not significant, n.s.).

Paper 11

Laser Doppler flowmetry measurements were performed on six pigs.
The output was continuously recorded using a Transonic® Laser
Doppler Monitor. Microvascular blood flow was expressed in terms
of PU. Calculations and statistical analysis were performed using
GraphPad 4.0 software. Statistical analysis was performed using
Student’s paired t-test. Significance was defined as: p < 0.05, “p< 0.01

and  p < 0.001 and p> 0.05 (not significant, n.s.). Values are

presented as means + SEM.

Paper I1I

Laser Doppler velocimetry measurements were performed on seven
pigs. The output was continuously recorded using PeriSoft software.

Microvascular blood flow was expressed in terms of PU. A repeated
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measurement general linear model was used to test the main effect of
treatment and subject on normal myocardium and ischaemic
myocardium. Post hoc testing of the treatment was performed using
Dunnet’s test with a control (Baseline/No treatment/0 mmHg).
Analysis of the residuals of the model was also performed to check
for model adequacy. Anderson-Darling’s test was carried out to
evaluate the assumption of normality, and Levene’s test for
heteroscedasticity was used to verify that the assumption of constant
residual variance was justified. A level of p < 0.05 was considered

statistically significant.

Paper IV

Laser Doppler velocimetry measurements were performed on six pigs.
The output was continuously recorded using PeriSoft software.
Microvascular blood flow was expressed in terms of PU. Calculations
and statistical analysis were performed using GraphPad 4.0 software.
Statistical analysis was performed using Student’s paired t-test.

ek

Significance was defined as » < 0.05, "» < 0.01 and "~ p < 0.001.

Values are presented as means = SEM.

Paper V

Laser Doppler velocimetry measurements were performed on six pigs.
The output was continuously recorded using PeriSoft software. The

microvascular blood flow was expressed in terms of PU. Calculations
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and statistical analysis were performed using GraphPad 4.0 software
(GraphPad Software Inc, San Diego, CA, USA). Significance was
defined as 'p < 0.05 and p > 0.05 (not significant using repeated
measures ANOVA with Dunnet’s post hoc test. Paired Student’s t-
test was used to compare microvascular blood flow changes between
the first and 18th minute of TNP in the two kinds of pressure
application. Paired Student’s t-test was also used to compare the two
kinds of pressure application, continuous and intermittent TNP.

Values are presented as means + SEM.
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Chapter 4

Results

4.1 Paperl

Normal myocardium — Coronary flow meters

A topical negative pressure of -50 mmHg induced an immediate,
significant increase in total coronary blood flow in normal
myocardium (from 171.3 £ 14.5 ml/min, to 206.3 £ 17.6 ml/min
after TNP application, p < 0.05) (Figure 4.1). Regarding the three
coronary arteries, the application of -50 mmHg induced an immediate
increases in local coronary blood flow in the CCX (from 49.2 * 6.1
ml/min to 53.7 £ 5.0 ml/min, p > 0.05), the LAD (from 60.5 £ 11.1
ml/min to 77.8 = 12.2 ml/min, p < 0.05), and the RCA (from 61.7 +
11.6 ml/min to 74.8 = 13.1 ml/min, p < 0.05). The results for each

animal are shown in Figure 4.2A.
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Figure 4.1. The changes in total blood flow measured using coronary ultrasonic flow meter probes
in normal and ischaemic myocardium before and during the application of -50 mmHg. The change

in total coronary artery blood flow is shown as mean values £ SEM (* = p < 0.05).
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Figure 4.2. The total coronary blood flow measured using coronary ultrasonic flow meter probes,
and microvascular blood flow using laser Doppler flowmetry in 6 pigs. (A) shows the values for
each animal in normal myocardium before and after the application of a topical negative pressure
of -50 mmHg, and (B) the corresponding values in ischaemic myocardium.

LAD occlusion — Coronary flow meters

Ischaemia was induced by occlusion of the LAD for 20 minutes. The coronary blood flow in the
LAD decteased significantly (from 74.3 + 9.8 ml/min to 13.3 + 2.0 ml/min, p < 0.05) after 20
minutes of LAD occlusion (Figure 4.3).
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Figure 4.3. The blood flow measured using coronary ultrasonic flow meter probes before and after
20 min of left anterior descending artery (LAD) occlusion. The measurements were performed at
the proximal part of the right coronary artery (RCA), left anterior descending artery (LAD) and
circumflex coronary artery (CCX) in six pigs. Results are shown as mean values = SEM. * = p

< 0.05, n.s. = not significant.

Ischaenzic myocardium — Coronary flow meters

A topical negative pressure of -50 mmHg induced an immediate,
significant increase in total coronary artery blood flow in ischaemic
myocardium (from 133.7 £ 18.4 ml/min, to 183.2 £ 18.9 ml/min
after TNP application, p < 0.05) (Figure 4.1). The application of -50
mmHg induced an immediate increase in local coronary blood flow in
the CCX (from 52.2 + 4.2 ml/min, to 69.2 £ 7.0 ml/min after TNP
application, p > 0.05). The coronary blood flow in the LAD increased
significantly (from 15.0 + 2.4 ml/min to 21.0 * 7.9 ml/min, p < 0.05),

and the coronary blood flow in RCA also increased significantly (from
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66.2 + 17.9 ml/min, to 93.0 £ 15.7 ml/min, p < 0.05). The results for

each animal are shown in Figure 4.2B.

Normal myocardium — Laser Doppler flowmetry

A topical negative pressure of -50 mmHg induced an immediate,
significant increase in microvascular blood flow in the LAD region in
normal myocardium, measured with laser Doppler velocimetry (from
131.7 £ 18.3 PU, to 192.5 £ 23.8 PU, p < 0.05). A significant
correlation was found between coronary blood flow and laser Doppler
signals in normal myocardium (r* = 0.81, p < 0.05). The results for

each animal are shown in Figure 4.2A.

Ischaemic myocardinm — Laser Doppler flowmetry

A topical negative pressure of -50 mmHg also induced an immediate,
significant increase in microvascular blood flow in the LAD region of
the ischaemic myocardium (from 50.7 £ 7.1 PU, to 88.3 * 9.1 PU, p <
0.05). A significant correlation was found between coronary blood
flow and laser Doppler signals in ischaemic myocardium (r* = 0.96, p

< 0.05). The results for each animal are shown in Figure 4.2B.
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4.2  Paper1l

Normal myocardium

A topical negative pressure of -50 mmHg induced an immediate
significant increase in microvascular blood flow in normal
myocardium (from 14.7 + 3.9 PU, to 25.8 £ 6.1 PU after TNP
application, p < 0.05) (Figure 4.4?). When the vacuum pump was
switched off, the blood flow returned to baseline values (13.3 + 2.4

PU).

Normal myocardium
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Figure 4.4. Microvascular blood flow measured using laser Doppler flowmetry in normal
myocardium exposed to a topical negative pressure of -50 mmHg. The left panel shows the results
as mean values £ SEM (* = p < 0.05). The right panel shows a representative example of changes
in microvascular blood flow after the application of -50 mmHg topical negative pressure before

LAD occlusion.
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Ischaemic myocardinm

Ischaemia was induced by occlusion of the LAD for 20 minutes. The
myocardium distal to the occlusion turned blue, indicating that
ischaemia had been established. The blood flow was 12.8 + 2.6 PU
before occlusion of the LAD and decreased to 7.2 £ 1.5 PU (p < 0.01)
after 20 minutes of LAD occlusion (Figure 4.5). Upon the application
of a topical negative pressure of -50 mmHg, an immediate significant
increase in blood flow was seen in the ischaemic myocardium (from

7.2+ 1.5 PU, to 13.8 + 2.6 PU, p < 0.05) (Figure 4.6).
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Figure 4.5. Microvascular blood flow in the myocardium measured using laser Doppler flowmetry
before and after 20 minutes of LAD occlusion. Note the significant decrease (from 12.8 = 2.6 PU

to 7.2 £ 1.5 PU) in microvascular blood flow in the area after LAD occlusion. Mean values = SEM

(* = p < 0.05).
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Figure 4.6. Microvascular blood flow in ischaemic myocardium measured using laser Doppler

flowmetry. The left panel shows the results as mean values £ SEM (* = p < 0.05). The right panel
shows a representative example of the change in microvascular blood flow after the application of
-50 mmHg topical negative pressure after 20 minutes of LAD occlusion (ischaemic myocardium).

Note the immediate response in blood flow when the negative pressure is applied.

Reperfused mryocardinm

After the LAD occlusion had been released the blue ischaemic
myocardium turned red, indicating reperfusion. After 20 minutes of
reperfusion, the application of -50 mmHg induced an immediate
significant increase in blood flow (from 10.8 £ 2.0 PU, to 19.3 £ 5.6
PU after TNP application, p < 0.05) (Figure 4.7).
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During reperfusion
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Figure 4.7. Microvascular blood flow in ischaemic myocardium during reperfusion measured using
laser Doppler velocimetry. The left panel shows the results as mean values £ SEM (* = p < 0.05).
The right panel shows a representative example of changes in microvascular blood flow after the

application of -50 mmHg topical negative pressure in reperfused myocardium.

4.3  Paper III

Normal myocardinm

A topical negative pressure of -50 mmHg induced an immediate
significant increase in microvascular blood flow in normal
myocardium (from 320.0 £ 56.1 PU, to 435.7 = 65.5 PU after TNP
application, p < 0.05). A topical negative pressure of -75 mmHg also
resulted in an increase in microvascular blood flow (from 320.0 + 56.1
PU, to 418.6 £ 72.7 PU, p > 0.05). However, the increase was smaller
than that induced at -50 mmHg. Topical negative pressures between -

100 mmHg and -150 mmHg induced an immediate decrease in
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microvascular blood flow in normal myocardium compared to that at

-50 mmHg (Figure 4.8).
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Figure 4.8. Microvascular blood flow in ischaemic myocardium exposed to topical negative
pressures of -50, -75, -100, -125 and -150 mmHg, measured using laser Doppler velocimetry. The
left panel shows the results as mean values £ SEM (* = p < 0.05). The right panel shows a
representative example of the change in microvascular blood flow after the application of -50

mmHg and -75 mmHg topical negative pressures to normal myocardium.

LAD occlusion

Ischaemia was induced by occlusion of the LAD for 20 minutes. The
blood flow was 308.6 £ 56.5 PU before occlusion of the LAD and
decreased to 108.6 = 35.5 PU after 20 minutes of LAD occlusion (p <
0.05).

54



Ischaemic myocardinm

Upon the application of a topical negative pressure of -50 mmHg, an
immediate significant increased in microvascular blood flow was seen
in the ischaemic myocardium (from 110.0 * 36.7 PU, to 194.3 * 56.2
PU, p <0.05). A topical negative pressure of -75 mmHg resulted in an
increase in microvascular blood flow (from 110.0 £ 36.7 PU, to 138.6
* 38.9 PU, p > 0.05). Topical negative pressures between -100 mmHg
and -150 mmHg induced an immediate decrease in microvascular
blood flow in ischaemic myocardium compared to that at -50 mmHg

(Figure 4.9).
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Figure 4.9. Microvascular blood flow in ischaemic myocardium exposed to topical negative
pressures of -50, -75, -100, -125 and -150 mmHg, measured using laser Doppler flowmetry. The
left panel shows the results as mean values £ SEM (* = p < 0.05). The right panel shows a
representative example of the change in microvascular blood flow after the application of -50

mmHg and -75 mmHg topical negative pressures ischaemic myocardium.
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4.4  Paper IV

Normal myocardinm

A topical negative pressure of -50 mmHg induced an immediate
significant increase in microvascular blood flow in normal
myocardium (from 365.8 £ 111.7 PU, to 649.8 £ 78.3 PU, p < 0.01)
(Figure 4.10A). A TNP of -125 mmHg did not result in any significant
change in microvascular blood flow (365.8 = 111.7 PU before, and
279.2 £ 57.1 PU after TNP application, p > 0.05) (Figure 4.10B).
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Figure 4.10. Microvascular blood flow in normal myocardium exposed to topical negative
pressures of A) -50 mmHg and B) -125 mmHg, measured using laser Doppler flowmetry. Values

are presented as means * SEM (** = p < 0.01).

LAD occlusion

Ischaemia was induced by occlusion of the LAD for 20 minutes. The
blood flow was 311.7 £ 106.2 PU before occlusion of the LAD, and
decreased to 90.0 = 37.3 PU after 5 minutes (p < 0.05), to 95.0 = 32.2
PU after 10 minutes (p < 0.05), to 95.8 = 36.9 after 15 minutes (p <
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0.05), and to 84.2 & 29.9 after 20 minutes (p < 0.05) of LAD
occlusion (Figure 4.11).
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Figure 4.11. Microvascular blood flow in the myocardium before and after 5, 10, 15 and 20
minutes of occlusion of the left anterior descending artery, measured using laser Doppler
flowmetty. Note the decrease in microvascular blood flow, from 311.7 + 106.2 PU before, to 84.2
+29.9 PU after 20 minutes’ occlusion of the LAD, in the area studied. Values are presented as

means + SEM (* = p < 0.05).

Lschaemic myocardinm

A topical negative pressure of -50 mmHg induced an immediate
significant increase in microvascular blood flow in ischaemic
myocardium (from 69.0 + 5.5 PU, to 147.0 £ 9.1 PU after TNP
application, p < 0.05) (Figure 4.12A). A TNP of -125 mmHg did not
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result in any significant change in microvascular blood flow (69.0 £

5.5 PU before, and 75.0 £ 5.9 PU after, p > 0.05) (Figure 4.12B).
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Figure 4.12. Microvascular blood flow (measured using laser Doppler flowmetry) in ischaemic
myocardium exposed to topical negative pressures of A) -50 mmHg and B) -125 mmHg. Values

are presented as means = SEM. (* = p < 0.05, n.s. = not significant).

4.5 Paper V

Continnons TINP

Application of a topical negative pressure of -50 mmHg for 20
minutes induced a significant increase in mean microvascular blood
flow (from 56.2 = 13.1 PU, to 132.8 = 7.4 PU, p < 0.05) (Figure
4.13A). The increase in microvascular blood flow did not change over
the period of 18 min during which the continuous TNP was applied

(151.8 + 44.6 PU after 1 min and 121.3 + 34.2 PU after 18 min of
TNP) (p > 0.05).
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Intermittent TNP

The application of an intermittent topical negative pressure (5 min on,
2 min off) of -50 mmHg for 20 minutes also induced a significant
increase in mean microvascular blood flow (from 75.8 + 12.1 PU, to
153.6 = 4.7 PU during TNP application, p < 0.05) (Figure 4.13B).
The increase in microvascular blood flow did not change over the
period of 18 min during which the intermittent TNP was applied
(166.7 = 14.0 PU after 1 min and 177.5 * 20.1 PU after 18 min of
TNP) (p > 0.05).
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Figure 4.13. Microvascular blood flow (measured using laser Doppler flowmetry) in ischaemic
myocardium continuously exposed to a topical negative pressure of -50 mmHg for 20 minutes (A),

and intermittently exposed (5 minutes on, 2 minutes off) for 20 minutes (B). The error bars show

1 SEM.
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Intermittent TINP versus continuons TINP

Blood flow was stimulated to similar degrees by continuous and
intermittent TNP. The increase in microvascular blood flow during
continuous TNP was (3473 * 1536) % and the increase during
intermittent TNP was (2579 + 778) % (the mean of on and off
periods) (p > 0.05). The increase is expressed as the percent additive

effect during the 20-min period studied.
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Chapter 5

Discussion

Poststernotomy mediastinitis is a rare but potentially lethal
complication following cardiac surgery(63, 92, 93). Topical negative
pressure, applied to the wound by controlled suction through a
porous dressing has recently become the therapy of choice for
mediastinitis, due to the exceptionally good clinical outcome(58-61).
However, the fundamental scientific mechanism of TNP is only
partially understood. Two of the known effects of TNP are enhanced
blood flow to the wound edge and granulation tissue formation(6, 21,
39). TNP increases the rate of blood flow and opens up the capillary
beds. The mechanical forces and increased blood flow resulting from
TNP affect the cytoskeleton in the vascular cells, stimulating
endothelial proliferation, capillary budding and angiogenesis, i.e.

granulation tissue formation(27, 29, 94, 95).

In patients with post-sternotomy mediastinitis treated with TNP the

topical negative pressure is in direct contact with the heart, which is
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exposed through the diastase of the sternotomy. Studies previously
carried out by our group have shown that these patients develop richly
vascularized granulation tissue on the exposed surface of the heart
within 6-7 days. In the present studies, it was hypothesized that the
application of TNP to the surface of the heart would stimulate
neovascularization and microvascular blood flow in the myocardium,
as seen in skeletal muscle following TNP(96-100). It is commonly
known among cardiothoracic surgeons that mediastinitis is a strong
predictor of poor long-term survival after CABG, when using
conventional wound healing techniques such as closed irrigation,
delayed wound closure, or reconstruction with omentum or pectoral
flaps. It has been suggested that mediastinitis may cause negative,
long-term effects on several organs, such as the heart and kidneys(54-
56). Our research group has previously shown that there is no
difference in long-term survival between CABG patients with TNP-
treated mediastinitis and CABG patients without mediastinitis(60).
This may indicate that these patients could have developed increased
collateral coronary blood vessels during TNP, and may therefore be
better prepared when bypass grafts fail to work. It may be that the
stimulation of blood flow and development of collateral blood vessels
by TNP in part account for the reduced long-term mortality in
patients treated with TNP for poststernotomy mediastinitis after

CABG.

In Paper I, a TNP of -50 mmHg was applied over the LAD region of

six porcine hearts. Measurements of blood flow were made before and
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after the application of TNP. The paper was conducted during low-
intensity ventricular fibrillation with support by cardiopulmonary
bypass. Coronary blood flow was measured with ultrasonic flow meter
probes at the proximal part of the LAD, CCX and RCA.
Microvascular blood flow was measured by laser Doppler filament
probes located 5-6 mm lateral of the middle part of the LAD, 5-6 mm
down into the myocardial wall. A significant correlation was found
between coronary blood flow and laser Doppler signals in normal
myocardium (r* = 0.81, p < 0.05), and in ischaemic myocardium (r* =
0.96, p < 0.05). In Paper I, it was also shown that the application of a
topical negative pressure of -50 mmHg directly to the myocardium
resulted in an increase in the total coronary blood flow, not only in
normal, but also in ischaemic, myocardium. A non-uniform pressure
or a decrease in the total coronary blood flow might cause ischaemia
in parts of the myocardium not exposed to TNP. Since the present
paper shows a significant increase in the total amount of coronary

blood flow, ischaemic areas are not likely to occur.

In Paper II microvascular blood flow was measured by laser Doppler
filament probes located 5-6 mm lateral of the middle part of the LAD,
5-6 mm down into the myocardial wall. A TNP of -50 mmHg was
applied over the LAD region of six pigs, and a significant increase was
seen in microvascular blood flow in normal myocardium (non-
ischaemic myocardium), in ischaemic myocardium after 20 minutes of
LAD occlusion, and in reperfused myocardium (formerly ischaemic

myocardium after 20 minutes of reperfusion). The increase in
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microvascular blood flow appeared immediately when the negative
pressure of -50 mmHg was applied. Measurements were made after
steady state, which was approximately 10-30 seconds of TNP
application. The negative pressure was then removed in all the

experiments removed.

Applying different negative pressures to skeletal muscle causes
different changes in blood flow(101). When the negative pressure
exceeds a specific level it seems to constringe the vessels in the
skeletal muscle and a decrease in local blood flow is seen(96, 101). In
the treatment of post-sternotomy mediastinitis with TNP, pressures
between -75 mmHg and -125 mmHg have been shown to provide
optimal conditions for healing. In Paper III it was shown that a
topical negative pressure of -50 mmHg significantly increases
microvascular blood flow in both normal and ischaemic myocardium.
When a negative pressure of -75 mmHg was applied to normal and
ischaemic myocardium, the microvascular blood flow increased
compared to baseline, however, this increase was not significant.
Negative pressures between 100 mmHg and 150 mmHg led to a
decrease in microvascular blood flow, compared to baseline, in both
normal and ischaemic myocardium. This may indicate that these
pressures constringe the vessels, thus reducing the microvascular

blood flow to the exposed myocardium.
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Our group has previously reported that the microvascular blood flow
to a wound (subcutaneous and skeletal muscular tissue) increased to
four times the baseline value when a negative pressure of 125 mm Hg
was applied, whereas it was inhibited at negative pressures of 400 mm
Hg and above (96). It has previously also been shown that the change
in blood flow is related to local effects, since the blood flow at a
distance of 4.5 cm from the wound edge was not affected by the
negative pressure (96). A zone of relative hypoperfusion has been seen
close to the wound edge. Hypoperfusion induced by TNP is thought
to depend on tissue density, distance from the negative pressure
source, and the amount negative pressure applied (96). In Paper IV it
was shown that a TNP of -50 mmHg applied over the LAD region
significantly increased the microvascular blood flow at a depth of 1-2
mm in the myocardium in normal myocardium, while a TNP of -125
mmHg did not significantly change the microvascular blood flow at
that depth. This indicates that no hypoperfusion is produced in
normal myocardium during TNP. In ischaemic myocardium, the
application of a TNP of -50 mmHg over the LAD region resulted in a
significant increase in microvascular blood flow at a depth of 1-2 mm
in the myocardium. However, a pressure of -125 mmHg did not
induce any significant change in microvascular blood flow in the
ischaemic myocardium at the same depth. Consequently, no
hypoperfusion could be observed during myocardial TNP in either
normal or ischaemic myocardium. The absence of hypoperfusion
could possibly be explained by the higher density of myocardium than

skeletal muscle and subcutaneous tissue. It could be explained by the
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release of vasodilators close to the negative pressure source. It might
also be explained by redistribution of the microvascular blood flow to
the epicardium due to microvascular mechanisms. Another possible
explanation is that the negative force is greater closer to the vacuum
source and subsequently decreases with distance. Moreover, a similar
blood flow pattern, without any hypoperfusion in the epicardium, has
also been observed during hypothermia in reperfused myocardium

(75). However, the present results did not confirm these hypotheses.

The physiological, cellular and molecular mechanisms by which TNP
accelerates wound healing are still not known in detail. However, the
known effects of TNP are enhanced blood flow to the wound edges
and granulation tissue formation (6, 21). TNP increases blood flow
and opens up the capillary beds. The mechanical force exerted by
TNP and increased blood flow affect the cytoskeleton in the vascular
cells, stimulating endothelial proliferation, capillary budding and
angiogenesis, i.e. granulation tissue formation (39, 94, 95).
Intermittent application of sub-atmospheric pressure (5 minutes of
pressure, followed by 2 minutes without) seems to alter the
cytoskeleton of the cells in the wound bed, triggering a cascade of
intracellular signals that increases the rate of cell division and

subsequent formation of granulation tissue, and thus angiogenesis (6).

Morykwas and co-workers compared continuous and intermittent
pressure (5 minutes on and 2 minutes off) in subcutaneous and

muscular tissue, and found that continuous application of TNP of -
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125 mmHg resulted in an average increase in new granulation tissue
formation of approximately 60%, while intermittent application of
TNP at the same pressure resulted in an average increase of
approximately 100%, compared with a control, after 2 weeks of TNP
(6). They also found that microvascular blood flow increased to four
times the baseline value when a TNP of -125 mm Hg was applied,
whereas it was reduced at negative pressures of 400 mm Hg and
greater. During continuous TNP they observed a decrease in
perfusion after 5-7 minutes. After an initial increase in perfusion, the
microvascular blood flow decreased permanently to the baseline value
or below. However, the tissue type and distance from the wound edge
were not considered in the above-mentioned paper. In Paper V, it was
found that both continuous myocardial TNP and intermittent TNP of
-50 mmHg for 20 minutes resulted in a significant increase in
myocardial microvascular blood flow. During intermittent TNP the
mean microvascular blood flow had a tendency to increase during the
experiment; however, this increase was not significant. During the 2
minutes without pressure the microvascular blood flow returned
almost to the baseline value in the first cycle, but seemed to return to
ever-increasing pressure levels above baseline as the experiment
proceeded. However, this increase was not significant. When
comparing continuous and intermittent myocardial TNP, no
significant difference in microvascular blood flow was observed. The
increase in microvascular blood flow is greater during the first 5
minutes of TNP application in both settings. These results are not

tully understood, but might be explained by a massive opening of the
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capillary beds during the first few minutes of the application of TNP.
However, the increase in microvascular blood flow during the first
five minutes showed no statistically significant difference from the
increase in microvascular blood flow during the last five minutes, and

these findings should therefore be interpreted with caution.

Laser Doppler measurements of the perfusion of the myocardium are
complex. In 1988, Ahn et al. assessed the myocardial perfusion in six
empty beating porcine hearts with laser Doppler flowmetry (857).
They found significant linear correlations between changes in laser
Doppler signal and changes in coronary sinus blood flow, and
between laser Doppler signals and changes in extracorporeal bypass
flow rate. The correlation between coronary sinus flow and bypass
flow was significant in the four pigs studied. They also concluded that
the muscular activity of the heart contributed to the laser Doppler
signal (85). Ahn et al. also applied Laser Doppler flowmetry to the
arrested heart and to the fibrillating heart during cardiopulmonary
bypass, and found a significant correlation between laser Doppler
signal and coronary blood flow during cardiac arrest. During
ventricular fibrillation (after release of the aortic cross-clamp) they
found a significant correlation between the laser Doppler signal and
extracorporeal blood flow. A residual laser Doppler signal of about
60% of the maximal value was recorded after the bypass flow had
been discontinued (86). However, it is unclear if venous blood
returning to the heart from the superior and inferior vena cava, and

the associated cava (specific to pigs), was occluded when the bypass
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flow was discontinued, or if the measurements were adjusted to the
systemic pressure. If the measurements were not adjusted, the
returning venous blood will probably raise the intraventricular
pressure and the tension of the myocardial ventricular wall, which
might influence the measurements(87). It has been shown, in a
porcine model, that ventricular fibrillation causes venous congestion,
an empty left heart, and a greatly distended right heart within 3
minutes, and that the blood pressure is 50 mmHg after 20 seconds
and 20-30 mmHg after 1'2-2 minutes, which might also have
influenced the measurements (87). In our opinion, it is crucial that the
CPB flow be kept at a constant level, as well as the blood pressure, as

changes in these parameters may change the model.

The majority of patients who require intervention for coronary artery
disease are adequately treated by PCI or CABG. However, a major
reason for failure of these treatments is their dependency on luminal
size and coronary outflow. Methods of stimulating myocardial
neovascularization that are not dependent on vessel calibre therefore
provide an important alternative treatment. A large group of patients
suffer from refractory angina pectoris. Conventional treatment such as
PCI and CABG has not been successful in these patients. Various
other therapies have been tried, such as percutaneous myocardial laser
revascularization (102), and enhanced external counter-pulsation
(103), with varying success. Even spinal cord stimulation has been
used in an attempt to ease their ischaemic pain (104). However, a

satisfactory means of treating these patients has yet to be found. A
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new form of treatment resulting in new collateral vessel formation

would thus be of interest for these patients.

Numerous studies have evaluated the efficacy of gene therapy in the
treatment of ischaemic heart disease for the restoration of myocardial
function by stimulation of angiogenesis and collateral vessel formation
(105-109). VEGEF has been found to be one of the most interesting
growth factors in therapeutic angiogenesis (107, 110-114).
Interestingly, the mechanical forces exerted by TNP stimulate the

endogenous production of VEGF (38, 53).

In patients with acute coronary syndrome and coronary vessel
occlusion, it is of great importance to improve o, if possible, restore
the blood flow to the ischaemic myocardium to protect it from
ischaemic stress and, in some cases, acute coronary infarction. Most
patients are successfully treated with conventional methods such as
PCI or CABG. However, these procedures do not result in
satisfactory results in all patients due to extensive coronary disease or
small vessel calibre(115). Furthermore, the procedure is not suitable
for some patients due to their high age, renal failure, or other
complicating factors. In some cases of acute ST elevation myocardial
infarction there is no reflow during PCI. No-reflow situations may
also arise during saphenous vein graft intervention, and rotational
atherectomy. During no-reflow, epicardial flow is reduced due to
obstructions at the microvasculature level(116). This no-reflow

condition is usually transient, but patients with refractory no-reflow
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are associated with a markedly increased risk of 30-day mortality,
compared with patients in whom no-reflow is transient(117). In the
present paper it was found that a TNP of -50 mmHg significantly
increased the microvascular blood flow in both the epicardium and
the myocardium. Interestingly, TNP increases both the velocity and
volume of blood flow by opening up the capillary beds(6).

Furthermore, the method is not dependent on vessel calibre.
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Chapter 6

Conclusions

A topical negative pressure of -50 mmHg applied over the LAD
region induced a significant increase, not only in local microvascular
blood flow, but also in total coronary blood flow, in normal and
ischaemic myocardium. A significant correlation was found between

coronary blood flow changes during TNP and laser Doppler signal.

When a TNP of -50 mmHg was applied over the LAD region a
significant increase was observed in the microvascular blood flow in

normal, ischaemic and reperfused myocardium.

In the range between -50 mmHg and -150 mmHg, a TNP of -50

mmHg seems to be the most effective negative pressure in increasing

the microvascular blood flow in both normal and ischaemic

myocardium.
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No zone of hypoperfusion was observed in the epicardium, in either
normal or ischaemic myocardium, when applying a myocardial TNP

of -50 mmHg and -125 mmHg.

Both 20 minutes of continuous and intermittent TNP at -50 mmHg
resulted in a significant increase in microvascular blood flow.
However, no significant difference was found between continuous

and intermittent TNP at -50 mmHg.

In conclusion, the application of topical negative pressure to the
myocardium may, in the future, constitute an alternative therapeutic
intervention to stimulate blood flow in the failing myocardium in

patients with ischaemic heart disease.
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Limitations of the Present Work

Coronary pulmonary bypass and low-intensity ventricular fibrillation
were used to minimize movement artefacts from muscular activity
while measuring blood flow in the myocardium using laser Doppler
techniques. A part of the laser Doppler signal is probably caused by
muscular activity, as suggested by Ahn et al(85, 86). However, believe
that the majority of the laser Doppler signal represents microvascular
blood flow, and that the majority of the changes in the laser Doppler
signal before and after the application of TNP represent changes in
microvascular blood flow. The effect of TNP on the beating heart can
not be deduced from the present results, although the effect would

probably be similar to that observed here.
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Abstract

Background — Topical negative pressure
(TNP), commonly used in wound therapy,
has been shown to increase blood flow and
stimulate angiogenesis. We have
previously showed that myocardial TNP of
-50 mmHg increases microvascular blood
flow in the underlying myocardium in both
normal and ischemic porcine myocardium.
The present study was designed to
elucidate if topical negative pressure,
applied over the myocardium, resulted in
an increase of the total amount of coronary
blood flow.

Methods - Six pigs underwent median
sternotomy. The blood flow was measured,
before and after the application of TNP,
using coronary ultrasonic flow meter
probes and laser Doppler flowmetry.
Analyses were performed before LAD
occlusion (normal myocardium) and after
20 minutes of LAD occlusion (ischemic
myocardium).

Results — A TNP of -50 mmHg induced
an immediate, significant increase in total
coronary blood flow in normal
myocardium (171.3 + 14.5 ml/min before,
to 206.3 + 17.6 ml/min after TNP
application, *p < 0.05). A TNP of -50
mmHg induced a significant increase in

total coronary blood flow in ischemic
myocardium (133.7 + 18.4 ml/min before,
to 183.2 + 18.9 ml/min after TNP
application, *p < 0.05).

Conclusions — TNP of -50 mmHg
applied over the LAD region induced a
significant increase not only in local
microvascular blood flow but also in total
coronary blood flow in normal and
ischemic myocardium. In the present study
we also found a significant correlation
between coronary blood flow changes
during TNP and laser Doppler signal.

Introduction

Topical negative pressure (TNP) has been
shown to facilitate the healing of chronic
and problematic wounds[1-10]. The
physiological and molecular biological
mechanisms by which TNP promotes
wound healing are still largely unknown.
However, TNP is known to stimulate blood
flow in tissues such as subcutaneous tissue
and skeletal muscle[11-13]. TNP produces
mechanical stress and a pressure gradient
across the tissue, which cause a surge of
blood to the area. Mechanical forces and
increased blood flow are known to
stimulate granulation tissue formation, i.e.
endothelial proliferation, capillary budding
and angiogenesis[14-16].
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Several studies have suggested that
mediastinitis, when conventional wound
healing techniques were used (closed
irrigation, delayed wound closure, or
reconstructing with omentum or pectoral
eleflaps), is a strong predictor for poor
long-term survival after coronary artery
by-pass surgery (CABG)[17-22]. Braxton
and coworkers demonstrated in a large
study including 36 078 patients after
CABG that actuarial survival after 10 years
was 39% in patients with mediastinitis and
70% in patients without mediastinitis[20].
Milano and collages have suggested that
mediastinitis may cause negative long-
terms effects on several organs such as the
heart and kidneys[19]. Previously, we have
showed no difference in long-term survival
between CABG patients with TNP-treated
mediastinitis and CABG patients without
mediastinitis[23]. This might indicate that
these patients might have developed
increased coronary collateral blood vessels
during TNP, since the heart is in direct
contact with the vacuum source during
TNP treatment, and may therefore be better
prepared when bypass grafts fail to work.
It may be that the TNP stimulation of
blood flow and development of collateral
blood vessels in part account for the
reduced long-term mortality in patients.

In a previous report we applied a TNP of -
50 mmHg over the LAD region on six
pigs, and was able to show a significant
increase in microvascular blood flow in
normal myocardium (non-ischemic
myocardium), in ischemic myocardium
after 20 minutes of LAD occlusion, and
also in reperfused myocardium (former
ischemic myocardium after 20 minutes of
reperfusion). The microvascular changes
were measured by laser Doppler
Flowmetry. [24]. The present study was
designed to elucidate if the increase in
microvascular blood flow is a result of an
increase of the total amount of coronary
blood flow or a redistribution of blood
from other areas of the heart. An
unchanged or decreased amount of the
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total coronary blood flow to the heart
might theoretically cause ischemia in parts
of the myocardium not exposed to TNP.
However, an increase in total coronary
blood flow would theoretically stimulate
granulation tissue formation, i.e.
endothelial proliferation, capillary budding
and angiogenesis. The study was also
designed to elucidate any correlation
between microvascular blood flow,
measured by laser Doppler flowmetry, and
coronary blood flow, measured by
coronary ultrasonic flow meter. No such
study has to our knowledge been done
before.

Material and Methods

Experimental animals

A porcine model was use for the present
study. Six 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. 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

All animals were pre-medicated
intramuscularly with ketamine (30 mg/kg)
before they were brought into the
laboratory. Before commencing surgery
sodium thiopental (5 mg/kg), atropine
(0.02 mg/kg) and pancuronium (0.5 mg/kg)
were given intravenously. Tracheotomy
was performed with a Portex endo-tracheal
tube (7.5 mm internal diameter,
Medcompare™ , USA). A servo-ventilator
(Siemens Elema 300A, Stockholm,
Sweden) was used for mechanical
ventilation throughout the experiment. The
ventilator settings used were: minute
volume = 100 ml/kg, FiO, = 0.5, breathing
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frequency = 16 breaths/minute and positive
end expiratory pressure = 5 cmH,0.
Anesthesia and muscular paralysis were
maintained with a continuous intravenous
infusion of 8-10 mg/kg/hour propofol
(Diprivan®, AstraZeneca, Sweden), 0.15
mg/kg/hour fentanyl (Leptanal®, Lilly,
France) and 0.6 mg/kg/hour pancuronium
(Pavulon®, Organon Teknika, Boxtel, the
Netherlands).

Data acquisition

Mean arterial pressure, central venous
pressure, heart frequency, and ventilatory
parameters were recorded throughout the
experiments.

Surgical procedure

Surgery was performed through median
sternotomy. After heparinization

(400 IU/kg) a cardiopulmonary bypass
(CPB) was installed with an arterial
cannula (22 French, DLP® Elongated One-
Piece Arterial Cannula (EOPA"™),
Medtronic Inc., Minneapolis, MO, USA) in
the distal ascending aorta, and a venous
cannula (32 French, MC2® Two-Stage
Venous Cannula, also from Medtronic
Inc.) inserted through the right atrium.
Before cannulation of the heart the
cannulae were inserted through the
thoracic wall to prevent air leakage during
TNP application. CPB was conducted in
normothermia. Ventricular fibrillation was
subsequently induced in the heart. No
aortic cross-clamping was performed and
no cardioplegia was employed. The mean
arterial pressure was maintained between
60 and 80 mmHg. A left ventricular vent
(DLP® Vent, also from Medtronic Inc.)
was used to protect the left chamber from
overloading. Pulmonary ventilation was
applied at a rate of 4 liters/minute during
the experiments.

A CPB was used to facilitate the
measurements of microvascular blood flow
using laser Doppler velocimetry.
Fibrillation of the heart minimizes the
movement artifacts, while the
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physiological conditions are, to a large
extent, conserved. Moreover, CPB
prevents the risk of circulatory failure
during LAD occlusion, thereby facilitating
experimental analysis in the case of the
ischemic myocardium.

The coronary ultrasonic flow meter probes
(model BL 613; Biotronex Laboratory Inc.,
Chester, MD, USA) were positioned
around the proximal part of the coronary
vessels left anterior descending artery
(LAD), circumflex coronary artery (CCX),
and right coronary artery (RCA)
respectively. The coronary blood flow was
measured continuously throughout the
experiments. Calibration of each probe was
checked in vitro at the end of each
experiment.

Microvascular blood flow was measured
using laser Doppler velocimetry
(Transonic® Laser Doppler Monitor,
BLF21, Maastricht, the Netherlands, and
Peri Flux System 5000, Perimed,
Stockholm, Sweden), employing a
technique that quantifies the sum of the
motion of the red blood cells in a specific
volume. This method is extensively
applied in plastic surgery procedures and
employs a fiberoptic probe carrying a
beam of light. Light impinging on cells in
motion undergoes a change in wavelength
(Doppler shift) while light impinging on
static objects remains unchanged. The
magnitude and frequency distributions of
the changes are directly related to the
number and velocity of red blood cells.
The information is collected by a returning
fiber, converted into an electronic signal,
and analyzed[25].

Laser Doppler probes were inserted
horizontally into the heart muscle 6-8 mm
lateral of the LAD at depths of
approximately 6-8 mm. All probes were
carefully fixed to the surface of the heart
with a suture (Prolene 7-0; Ethicon Inc.,
New Jersey, USA), thereby preventing
probe movement. After the experiments,
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the heart was dissected and the probe
location was confirmed. A round hole, 5
cm in diameter, was made in the middle of
a phrenic nerve pad (Phrenic Nerve Pad®,
Medtronic Inc.) and placed on top of the
heart. The pad was stabilized by 8-10
sutures to the surrounding myocardium
(Prolene 5-0; Ethicon Inc., New Jersey,
USA) and by sutures to the posterior
sternal edges (Dermalon 2-0; Davis and
Geck, St. Louis, New Jersey, USA). A
retractor was used throughout the
experiments to keep the sternal edges
apart. A polyurethane foam dressing, with
an open pore structure of 400 to 600 um
(KCI, Copenhagen, Denmark) was placed
between the sternal edges. The foam was
continuously sutured to the surrounding
skin (Dermalon 2-0; Davis and Geck). The
wound was sealed with a transparent
adhesive drape. A Track Pad (KCI,
Copenhagen, Denmark) was inserted
through the drape and was connected to a
vacuum pump, (V.A.C. pump unit, KCI,
Copenhagen, Denmark). When the
negative pressure is applied, the heart will
be drawn up towards the phrenic nerve pad
and the foam without interfering with the
sternal edges. This procedure causes the
application of negative pressure to affect
only the myocardium exposed by the 5 cm
diameter hole.

Experimental protocol

The coronary blood flow was measured
continuously by ultrasonic flow meter
probes and the microvascular blood flow
response in the myocardium was measured
continuously by the laser Doppler filament
probes. Recordings were made in normal
myocardium, before and while a negative
pressure of -50 mmHg was applied.

The LAD was then occluded for 20
minutes with an elastic vessel loop.
Coronary blood flow and the
microvascular blood flow were then
measured before, and after 1, 5, 10, 15, and
20 minutes of occlusion. A negative
pressure of -50 mmHg was then applied to
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the heart, and coronary blood flow changes
and the microvascular blood flow changes
were recorded. The negative pressure was
then removed.

Calculations and statistics

Laser Doppler velocimetry measurements
were performed on six pigs. The output
was continuously recorded using PeriSoft
software (Perimed, Stockholm, Sweden).
Microvascular blood flow was expressed in
terms of perfusion units (PU). Calculations
and statistical analysis were performed
using GraphPad 4.0 software. Statistical
analysis on microvascular blood flow, and
coronary blood flow, was performed using
Student’s paired t-test. Values are
presented as means =+ the standard error on
the mean (SEM). The correlation between
microvascular blood flow, measured by
laser Doppler flowmetry, and coronary
blood flow, measured by coronary
ultrasonic flow meter, was performed by
using Pearson correlation, with two tailed p
value. Significance was defined as

“p <0.05, and p > 0.05 (not significant,
n.s.).

Results

Coronary flow meters

Normal myocardium

A topical negative pressure of -50 mmHg
induced an immediate, significant increase
in total coronary blood flow, in normal
myocardium (171.3 + 14.5 ml/min before,
to 206.3 £ 17.6 ml/min after TNP
application, *p < 0.05) (Figure 1). Divided
between the three coronary arteries, -50
mmHg induced an immediate, increase in
local coronary blood flow in the CCX
(49.2 = 6.1 ml/min before, to 53.7 £ 5.0
ml/min after TNP application, n.s. p >
0.05), the LAD (60.5 = 11.1 ml/min
before, to 77.8 + 12.2 ml/min after TNP
application, *p < 0.05), and the RCA (61.7
+ 11.6 ml/min before, to 74.8 + 13.1
ml/min after TNP application, *p < 0.05)
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(Figure 2). The results for every animal are
shown in figure SA.
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Figure 1) The total blood flow changes using coronary
ultrasonic flow meter probes in normal and ischemic
myocardium before and during application of -50 mmHg. The
measurements were performed at the proximal part of the right
coronary artery (RCA), the left anterior descending artery
(LAD), and the circumflex coronary artery (CCX) in six pigs.
The change in total coronary artery blood flow is shown as
mean values + SEM. Statistical analysis was performed using
Student’s paired t-test, and significance was defined as * p
<0.05, and p >0.05 (not significant, n.s.).
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Figure 2) The blood flow measured using coronary ultrasonic
flow meter probes in normal myocardium. The measurements
were performed at the proximal part of the right coronary artery
(RCA), left anterior descending artery (LAD), and circumflex
coronary artery (CCX) in the myocardium in six pigs, with a
topical negative pressure of -50 mmHg. The results are shown as
mean values + SEM. Statistical analysis was performed using
Student’s paired t-test, and significance was defined as * p

< 0.05, and p >0.05 (not significant, n.s.).

LAD occlusion

Ischemia was induced by occlusion of the
LAD for 20 minutes. The coronary blood
flow in the LAD decreased significantly
(from 74.3 + 9.8 ml/min before to 13.3 +
2.0 ml/min, *p < 0.05) after 20 minutes of
LAD occlusion (Figure 3).
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Figure 3) The blood flow measured using coronary ultrasonic
flow meter probes before and after 1, 5, and 20 min of left
anterior descending artery (LAD) occlusion. The measurements
were performed at the proximal part of the right coronary artery
(RCA), LAD, and circumflex coronary artery (CCX) in six pigs.
Results are shown as mean values + SEM. Statistical analysis
was performed using Student’s paired t-test, and significance
was defined as * p < 0.05, and p >0.05 (not significant, n.s.).

Ischemic myocardium

A topical negative pressure of -50 mmHg
induced an immediate, significant increase
in total coronary artery blood flow in
ischemic myocardium (133.7 + 18.4
ml/min before, to 183.2 + 18.9 ml/min
after TNP application, *p < 0.05) (Figure
1). Application of -50 mmHg induced an
immediate, increase in local coronary
blood flow in the CCX (52.2 + 4.2 ml/min
before, to 69.2 = 7.0 ml/min after TNP
application, n.s. p > 0.05). The coronary
blood flow in the LAD significantly
increased (from 15.0 = 2.4 ml/min before
to 21.0 £ 7.9 ml/min, *p < 0.05), and the
coronary blood flow in RCA also
significantly increased (66.2 + 17.9 ml/min
before, to 93.0 = 15.7 ml/min after TNP
application, *p < 0.05) (Figure 4). The
results for every animal are shown in
figure 5B.
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Figure 4) The blood flow measured using coronary ultrasonic
flow meter probes in ischemic myocardium. The measurements
were performed at the proximal part of the right coronary artery
(RCA), the left anterior descending artery (LAD), and the
circumflex coronary artery (CCX) in the myocardium in six pigs,
with a topical negative pressure of -50 mmHg. The results are
shown as mean values + SEM. Statistical analysis was
performed using Student’s paired t-test, and significance was
defined as * p < 0.05, and p >0.05 (not significant, n.s.).
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Figure 5) Total coronary blood flow measured using coronary
ultrasonic flow meter probes, and microvascular blood flow
using laser Doppler flowmetry. The total coronary blood flow
measurements were performed at the proximal part of the right
coronary artery, the left anterior descending artery (LAD), and
the circumflex coronary artery, and the measurements of
microvascular blood flow were performed 6-8 mm down into the
myocardium, 6-8 mm lateral of the LAD, in six pigs. All the
animals (N=6) measured values are shown in normal
myocardium before and after application of topical negative
pressure (TNP) of -50 mmHg (A), and in ischemic myocardium
before and after application of topical negative pressure (TNP)
of -50 mmHg (B).

Laser Doppler flowmetry

Normal myocardium

A topical negative pressure of -50 mmHg
induced an immediate, significant increase
in laser Doppler velocimetry measured
microvascular blood flow response in the
LAD region in normal myocardium (131.7
+ 18.3 PU before, to 192.5 + 23.8 PU after
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TNP application, *p < 0.05) (Figure 5A).
A significant correlation was found
between coronary blood flow and laser
Doppler signals in normal myocardium *
=0.81, *p <0.05).

Ischemic Myocardium

A topical negative pressure of -50 mmHg
also induced an immediate, significant
increase in laser Doppler velocimetry
measured microvascular blood flow
response in the LAD region of the
ischemic myocardium (50.7 = 7.1 PU
before, to 88.3 £ 9.1 PU after TNP
application, *p < 0.05) (Figure 5B). A
significant correlation was found between
coronary blood flow and laser Dopzpler
signals in ischemic myocardium (r” = 0.96,
*p < 0.05).

Comments

Poststernotomy mediastinitis is a rare but
potentially lethal complication following
cardiac surgery[17, 19, 26]. Lately, TNP
has become the therapy of choice for
mediastinitis, due to the exceptional
clinical outcome[6, 7, 10, 23]. Topical
negative pressure acts by a subatmospheric
pressure application over the wound by
controlled suction through a porous
dressing. However, the fundamental
scientific mechanism of TNP is only
partially understood. One of the known
effects of TNP is enhanced blood flow to
the wound edge and granulation tissue
formation[1, 2, 15]. TNP increases blood
flow velocity and opens up the capillary
beds. Mechanical forces exerted by TNP
and increased blood flow affect the
cytoskeleton in the vascular cells,
stimulating endothelial proliferation,
capillary budding and angiogenesis, i.e.
granulation tissue formation[14, 16, 27,
28].

In patients with poststernotomy
mediastinitis treated with TNP the topical
negative pressure is in direct contact with
the heart, which is exposed through the
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diastase of the sternotomy. We have
previously observed that these patients
develop a richly vascularized granulation
tissue over the heart within 6-7 days on the
exposed surface of the heart. In the present
study, we hypothesized that the application
of TNP to the surface of the heart would
stimulate neovascularization and
microvascular blood flow in the
myocardium, as seen in skeletal muscle
during TNP[13, 29-32]. It is commonly
known among cardiothoracic surgeons that
mediastinitis is a strong predictor of poor
long-term survival after CABG, when
using conventional wound healing
techniques (such as closed irrigation,
delayed wound closure, or reconstructing
with omentum or pectoral flaps). It has
been suggested that mediastinitis may
cause negative, long-term effects on
several organs, such as the heart and
kidneys[18, 20, 33]. Previously, we have
showed no difference in long-term survival
between CABG patients with TNP-treated
mediastinitis and CABG patients without
mediastinitis[23]. This might indicate that
these patients might have developed
increased coronary collateral blood vessels
during TNP, and may therefore be better
prepared when bypass grafts fail to work.
It may be that the TNP stimulation of
blood flow and development of collateral
blood vessels in part account for the
reduced long-term mortality in patients
treated with TNP for poststernotomy
mediastinitis after CABG.

In a previous report we applied a TNP of -
50 mmHg over the LAD region on six
pigs, and was able to show a significant
increase in microvascular blood flow in
normal myocardium, ischemic
myocardium, and in reperfused
myocardium (former ischemic
myocardium after 20 minutes of
reperfusion). The microvascular blood
flow changes were measured by laser
Doppler Flowmetry. We have also
demonstrated that among TNP pressure
levels between -50 mmHg and -150 mmHg
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only, -50 mmHg result in a significant
increase in myocardial microvascular
blood flow in ischemic myocardium[34].
In the present study we show that
application of a topical negative pressure
of -50mmHg directly on the myocardium
(over the LAD region) result in an increase
of the total coronary blood flow not only in
normal but also in ischemic myocardium
(Figure 1). An unchanged or decreased
amount of the total coronary blood flow
might theoretically cause ischemia in parts
of the myocardium not exposed to TNP.
Since the present study shows a significant
increase in the total amount of coronary
blood flow, ischemic areas are not likely to
occur.

Measurement of myocardial microvascular
blood flow is complex. Laser Doppler
flowmetry provides a continuous record of
the microvascular blood flow. Ahn et al.
have assessed the myocardial perfusion in
an empty beating porcine heart with laser
Doppler flowmetry. Their findings
suggests that laser Doppler signals from
probes in the epicardium and a few
centimetres down into the ventricular wall
had a significant linear correlation between
coronary sinus blood flow changes and
changes of the CPB flow. They also found
that muscular activity of the heart
contributed to the laser Doppler signal,
which makes it difficult to discriminate the
results between blood flow and muscular
contribution[35]. They also assessed the
myocardial perfusion during ventricular
fibrillation in a porcine heart with laser
Doppler flowmetry, and found a significant
correlation between laser Doppler signal,
coronary blood flow, and CPB flow[36].
During low intense ventricular fibrillation
the heart muscle will not make large
movements and the artefacts and possible
probe sliding could be minimized, thereby
making measurements of the myocardium
with laser Doppler flowmetry easier. In the
present study, CPB was used, which
facilitated the intervention since
arrhythmia and circulatory failure were
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avoided during the induction of ischemia.
The experiment was conducted during low
intense ventricular fibrillation to minimize
movement artifacts from heart beats, and
minimize tissue trauma, and sliding of the
laser Doppler probes, while measuring
blood flow in the myocardium[35].
Ventricular fibrillation does differ from
sinus rhythm. During ventricular
fibrillation there is no synchronized
contraction in the ventricles. If perfusion
pressure is kept around 100 mmHg the
ventricular wall will still be perfused[37],
but the myocardial wall tension may
become higher than in a beating heart[38].
Hottenrot et al. showed in 1972 that
perfusion of a fibrillating dog heart for one
to two hours did not damage the
subendocardial muscle unless a strong
maintained electrical stimulus was
used[39]. In the present study we found a
significant correlation between coronary
blood flow changes during TNP and laser
Doppler signal (Figure 6).

The future clinical application of
myocardial TNP is still too early to
determine. However, the potential
application of myocardial TNP
speculatively, in the future, might become
in the treatment of patients with extensive
coronary disease or/and refractory angina
pectoris but also in the acute phase of a
ST-elevation myocardial infarction.
Therapeutic angiogenesis, wherein
exogenous growth factors are administered
to ischemic tissue to enhance the
reperfusion of these tissues, has been
investigated as a potential therapy for
patients with advanced coronary artery
disease as an alternative to conventional
treatment such as PCI and CABG. It
includes both protein and gene therapy,
and they have both successfully induced
angiogenic responses in animal studies, but
optimal delivery of the angiogenic factor is
difficult[40, 41]. However, VEGF proteins
have been shown to play a key role in the
modulation of angiogenesis and vascular
growth[42, 43]. Moreover, TNP produces a
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mechanical shear stress that is known to
activate VEGF[44-48].

Conclusions

In the present study we show that topically
applied negative pressure of -50 mmHg
over the LAD region result in a significant
increase of the total amount of coronary
blood flow. In the present study we also
found a significant correlation between
coronary blood flow changes during TNP
and laser Doppler signal. The increase in
blood flow might in part explaine the
improved long-term outcome using TNP
treatment on patients with poststernotomy
mediastinitis compared to conventional
therapy[23].
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Background. Topical negative pressure (TNP) therapy
has been adopted as a first-line treatment for wound
healing. One of the mechanisms by which TNP improves
healing is by stimulating blood flow to the wound edge.
Among patients with ischemic heart disease, it is of great
importance to improve the microvascular blood flow in
the myocardium during episodes of ischemia to protect
the myocardium from infarction. The present study was
designed to elucidate the effect of TNP on microvascular
blood flow in the myocardium.

Methods. Six pigs underwent median sternotomy. The
microvascular blood flow in the myocardium was re-
corded, before and after the application of TNP, by using
laser Doppler velocimetry. Analyses were performed
before left anterior descending artery (LAD) occlusion
(normal myocardium), after 20 minutes of LAD occlusion

opical negative pressure (TNP) has been shown to

facilitate the healing of chronic and problematic
wounds, including diabetic wounds [1], burn wounds
[2], and poststernotomy mediastinitis [3-5]. One mech-
anism by which TNP promotes wound healing is by
stimulating wound edge blood flow, as has been dem-
onstrated in peripheral [6] and in skeletal muscle in
sternotomy wounds [7, 8]. TNP produces mechanical
stress and a pressure gradient across the tissue, which
may cause a surge of blood to the area [6, 9-11].
Mechanical forces and increased blood flow are known
to stimulate endothelial proliferation, capillary bud-
ding, and angiogenesis [12].

In ischemic heart disease, therapeutic interventions
such as percutaneous coronary intervention (PCI) and
coronary artery bypass grafting surgery (CABG) are
performed to improve blood flow to the ischemic myo-
cardium. These treatments are successful in most cases,
although such interventions are not possible for patients
with refractory angina pectoris because of extensive
coronary vessel disease. Percutaneous myocardial laser
revascularization [13, 14] and enhanced external counter-
pulsation [15, 16] have been tried with varying results
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(ischemic myocardium), and after 20 minutes of reperfu-
sion (reperfused myocardium).

Results. TNP at -0 mm Hg increased microvascular
blood flow in the normal myocardium from 14.7 * 3.9
perfusion units (PU) before to 25.8 = 6.1 PU after TNP
application (p < 0.05), in the ischemic myocardium from
7.2 = 1.5 PU before to 13.8 £ 2.6 PU after TNP application
(p < 0.05), and in the reperfused myocardium from 10.8 +
2.0 PU before to 19.3 = 5.6 PU after TNP application (p <
0.05).

Conclusions. TNP increases the microvascular blood
flow significantly in normal, ischemic, and reperfused
myocardium and may provide a novel therapeutic tool in
the treatment of ischemic myocardium.

(Ann Thorac Surg 2007;84:568-73)
© 2007 by The Society of Thoracic Surgeons

[17]. A means of increasing microvascular blood flow in
the ischemic myocardium would thus be beneficial.

TNP is known to stimulate blood flow in various tissues
[6], including the skeletal muscle [7, 8]. We conducted
this study to examine the effects of TNP on microvascular
blood flow in normal, ischemic, and reperfused myocar-
dium. Blood flow was measured using laser Doppler
velocimetry in a porcine model. The effect of TNP on
microvascular blood flow was investigated in the myo-
cardium before, during, and after occlusion of the left
anterior descending artery (LAD).

Material and Methods

Experimental Animals

A porcine model was use for the present study. Six
domestic Landrace pigs of both genders (mean body
weight, 70 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 (US National Institutes of Health,
National Academies Press; 1996).

Anesthesia

The animals were premedicated intramuscularly with
ketamine (30 mg/kg) before they were brought into the
laboratory. Before the procedure began, sodium thiopen-

0003-4975/07/$32.00
doi:10.1016/j.athoracsur.2007.02.066
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tal (5 mg/kg), atropine (0.02 mg/kg), and pancuronium
(0.5 mg/kg) were given intravenously. A tracheotomy was
performed with a Portex endotracheal tube (7.5 mm
internal diameter, Smiths Medical, Carlsbad, CA) A ser-
vo-ventilator (Siemens Elema 300A, Stockholm, Sweden)
was used for mechanical ventilation throughout the ex-
periment. The ventilator settings were minute volume,
100 mL/kg; fraction of inspired oxygen, 0.5; breathing
frequency, 16 breaths/min; and positive end expiratory
pressure, 5 cm H,O.

Anesthesia and muscular paralysis were maintained
with a continuous intravenous infusion of 8 to 10 mg/
(kg - hour) propofol (Diprivan, AstraZeneca, Sodertilie,
Sweden), 0.15 mg/(kg - hour) fentanyl (Leptanal, Lilly,
Suresnes, France), and 0.6 mg/(kg - hour) pancuronium
(Pavulon, Organon Teknika, Boxtel, The Netherlands).

Mean arterial pressure, central venous pressure, heart
frequency, and ventilatory measurements were recorded
throughout the experiments.

Surgical Procedure

The procedure was performed through median sternot-
omy. After heparinization (400 TU/kg), cardiopulmonary
bypass (CPB) was initiated with a 22F arterial cannula
(DLP, elongated one-piece arterial cannula, Medtronic
Inc, Minneapolis, MN) in the distal ascending aorta, and
a 32F venous cannula (MC2 two-stage venous cannula,
Medtronic, Inc) inserted through the right atrium. Before
cannulation of the heart, the cannulas were inserted
through the thoracic wall to prevent air leakage during
TNP application. CPB was conducted in normothermia.
Ventricular fibrillation was subsequently induced in the
heart.

No aortic cross-clamping was performed, and no car-
dioplegia was used. The mean arterial pressure was
maintained between 60 and 80 mm Hg. A left ventricular
vent (DLP Vent, Medtronic Inc) was used to protect the
left chamber from overloading. Pulmonary ventilation
was applied at a rate of 4 L/min during the experiments.

CPB was used to facilitate the measurements of micro-
vascular blood flow using laser Doppler velocimetry.
Fibrillation of the heart minimizes the movement arti-
facts, while the physiologic conditions are largely con-
served. Moreover, CPB prevents the risk of circulatory
failure during LAD occlusion, thereby facilitating exper-
imental analysis in the case of the ischemic myocardium.

Microvascular blood flow was measured with laser
Doppler velocimetry (Transonic Laser Doppler Monitor,
BLF21, Maastricht, The Netherlands) by using a tech-
nique that quantifies the sum of the motion of the red
blood cells in a specific volume. This method, which is
extensively applied in plastic surgery procedures [18],
uses a fiberoptic probe carrying a beam of light. Light
impinging on cells in motion undergoes a change in
wavelength (Doppler shift), and light impinging on static
objects remains unchanged. The magnitude and fre-
quency distributions of the changes are directly related to
the number and velocity of red blood cells. The informa-
tion is collected by a returning fiber, converted into an
electronic signal, and analyzed.
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Fig 1. As shown in this photograph, the laser Doppler probes were
inserted horizontally into the heart muscle 8 to 10 mm lateral of the
left anterior descending artery (LAD); that is, the septum of the
heart, at depths of approximately 6 to 8 mm. The photograph also
shows the location of right coronary artery (RCA).

Laser Doppler probes were inserted horizontally into
the heart muscle 8 to 10 mm lateral of the LAD at depths
of approximately 6 to 8 mm. All probes were carefully
fixed to the surface of the heart with a Prolene 7-0 suture
(Ethicon Inc, Somerville, NJ), thereby preventing probe
movement. After the experiments, the heart was dis-
sected and the probe location was confirmed (Fig 1).

A round hole 5 cm in diameter was made in the middle
of a phrenic nerve pad (Medtronic Inc) and placed on top
of the heart. The pad was stabilized by 8 to 10 Prolene 5-0
sutures to the surrounding myocardium and by Derma-
lon 2-0 sutures (Syneture, Norwalk, CT) the posterior
sternal edges. A retractor was used throughout the ex-
periments to keep the sternal edges apart. A polyure-
thane foam dressing with an open pore structure of 400 to
600 wum (KCI, Copenhagen, Denmark) was placed be-
tween the sternal edges. The foam was continuously
sutured to the surrounding skin with Dermalon 2-0. The
wound was sealed with a transparent adhesive drape.

A Track Pad (KCI) was inserted through the drape and
was connected to a vacuum pump, (V.A.C. pump unit,
KCI). When the negative pressure is applied, the heart is
drawn up towards the phrenic nerve pad and the foam
without interfering with the sternal edges. This proce-
dure causes the application of negative pressure to affect
only the myocardium exposed by the 5 cm diameter hole.

Experimental Protocol

The microvascular blood flow was measured continu-
ously by the laser Doppler filament probes. Recordings
were made in normal myocardium before a —50 mm Hg
pressure was applied and immediately after the negative
pressure was turned off.

The LAD was occluded for 20 minutes with an elastic
vessel loop. Microvascular blood flow was then measured
before and after 1, 5, 10, 15, and 20 minutes of occlusion.
A negative pressure of —50 mm Hg was then applied to
the heart, and microvascular blood flow changes were
recorded. The negative pressure was then removed.

The LAD occlusion was released and microvascular
blood flow was measured before and after 1, 5, 10, 15, and
20 minutes of reperfusion. A negative pressure of -50 mm
Hg was then applied to the heart, and microvascular
blood flow changes were measured. The negative pres-
sure was then removed.

CARDIOVASCULAR
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Fig 2. Microvascular blood flow measured in normal myocardium
using laser Doppler velocimetry. The measurements were performed
at a depth at 6 to 8 mm in the myocardium in 6 pigs, with a topical
negative pressure of —50 mm Hg (grey bar) compared with no nega-
tive pressure (open bar). The results are shown in blood flow perfu-
sion units (PU) as mean values * standard error of the mean (*p <
0.05). The right panel shows a representative example of microvas-
cular blood flow changes after the application of —50 mm Hg topi-
cal negative pressure before left anterior descending artery occlusion
(normal myocardium). Note the immediate blood flow response
when the negative pressure is applied.

Calculations and Statistics

Laser Doppler velocimetry measurements were per-
formed on 6 pigs. The output was continuously recorded
using PeriSoft software (Perimed, Stockholm, Sweden).
Microvascular blood flow was expressed in terms of
perfusion units (PU). Calculations and statistical analysis
were performed using GraphPad 4.0 software (GraphPad
Software, San Diego, CA). Statistical analysis was per-
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Fig 3. Microvascular blood flow measured using laser Doppler ve-
locimetry in the myocardium before and after 20 minutes of left an-
terior descending artery (LAD) occlusion. Note the significant de-
crease from 12.8 = 2.6 perfusion units (PU) to 7.2 = 1.5 PU in
microvascular blood flow in the area after LAD occlusion. The re-
sults are shown as mean values * standard error of the mean (*p <
0.05).
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Fig 4. Microvascular blood flow measured during occlusion using
laser Doppler velocimetry in ischemic myocardium. The measure-
ments were performed at a depth at 6 to 8 mm in the myocardium
in 6 pigs, with a topical negative pressure of —50 mm Hg (grey bar)
compared with 0 pressure (open bar). In the left pane, the results in
blood flow perfusion units (PU) are shown as mean values + stan-
dard error of the mean (*p < 0.05). The right panel shows a repre-
sentative example of microvascular blood flow changes after the ap-
plication of =50 mm Hg topical negative pressure after 20 minutes of
left anterior descending artery occlusion (ischemic myocardium).
Note the immediate blood flow response when the negative pressure
is applied.

formed using Student paired f test. Significance was
defined as p < 0.05. Values are presented as means * the
standard error of the mean.

Results

Normal Myocardium

A topical negative pressure of —50 mm Hg induced an
immediate significant increase in microvascular blood
flow in normal myocardium from 14.7 * 3.9 PU before to
25.8 = 6.1 PU after TNP application (p < 0.05; Fig 2).
When the vacuum pump was switched off, the blood flow
returned to baseline values of 13.3 + 2.4 PU.

Ischemic Myocardium

Ischemia was induced by occlusion of the LAD for 20
minutes. The myocardium distal to the occlusion turned
blue, indicating that ischemia of the myocardium had
been established. The blood flow was 12.8 + 2.6 PU
before occlusion of the LAD and decreased to 7.2 = 1.5
PU (p < 0.01) after 20 minutes of LAD occlusion (Fig 3).
Upon application of a topical negative pressure of —50
mm Hg, an immediate significant increase in blood flow
was seen in the ischemic myocardium from 7.2 + 1.5 PU
before to 13.8 * 2.6 PU after TNP application (p < 0.05;
Fig 4).

Reperfused Myocardium

The LAD occlusion was then released and the blue
ischemic myocardium turned red, indicating reperfusion.
After 20 minutes of reperfusion, the application of —50
mm Hg induced an immediate significant increase in
blood flow from 10.8 + 2.0 PU before to 19.3 = 5.6 PU
after TNP application (p < 0.05; Fig 5).
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Fig 5. Microvascular blood flow measured using laser Doppler ve-
locimetry in ischemic myocardium during reperfusion. The measure-
ments were performed at a depth at 6 to 8 mm in the myocardium
in 6 pigs with a topical negative pressure of —50 mm Hg (grey bar)
compared with 0 pressure (open bar). In the left panel, the results in
perfusion units (PU) are shown as mean values * standard error of
the mean (*p < 0.05). The right panel shows a representative exam-
ple of microvascular blood flow changes after application of —50
mm Hg topical negative pressure after 20 minutes of LAD occlusion,
followed by 20 minutes of reperfusion (reperfused myocardium).
Note the immediate blood flow response when negative pressure is
applied.

Comment

Among patients with ischemic heart disease, it is of great
importance to improve the microvascular blood flow in
the myocardium during episodes of ischemia to protect
the myocardium from infarction. Today, many different
drugs and sophisticated techniques such as PCI and
CABG are used with remarkable results [19]. Despite
this, there is a large group of patients who have been
heavily treated with different drugs (leading to drug-
resistant angina pectoris) who have already undergone
one or more PCIs or CABG, or both, and who still have
serious ischemic heart disease, also called refractory
angina pectoris. Among the many different therapies that
have been tried [17] are percutaneous myocardial laser
revascularization [13, 14] and enhanced external counter-
pulsation [15, 16], with varying results. A satisfactory
mode of treatment for these patients has yet to be found.

Poststernotomy mediastinitis is a rare but serious and
potentially lethal complication after cardiac surgery.
Conventional treatment involves surgical revision with
open dressings, closed irrigation, or reconstruction with
vascularized soft tissue flaps, such as omentum or pec-
toral muscle. Recently, TNP has become the therapy of
choice for mediastinitis because of the excellent clinical
outcome [5]. TNP involves subatmospheric pressure ap-
plication over the wound by controlled suction through a
porous dressing.

Despite the extensive clinical use and excellent out-
come of TNP in wound therapy, the fundamental scien-
tific mechanism is, to a large extent, unknown. One of the
known effects of TNP is enhanced blood flow to the
wound edge, as has been shown in a sternotomy wound
model [7]. TNP increases blood flow velocity and opens
up the capillary beds [6, 10]. Mechanical forces exerted by
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TNP and increased blood flow affect the cytoskeleton in
the vascular cells and stimulate granulation tissue forma-
tion, which involves endothelial proliferation, capillary
budding, and angiogenesis [12].

In the present study, we hypothesized that the appli-
cation of TNP on the surface of the heart would stimulate
microvascular blood flow in the myocardium, as seen in
skeletal muscle during TNP. Indeed, we have observed
that patients with poststernotomy mediastinitis treated
with TNP develop a thick layer of well-vascularized
granulation tissue on the exposed surface of the heart.

Mediastinitis is a strong predictor of poor long-term
survival after CABG [20-25], and it has been suggested
that mediastinitis may cause negative, long-term effects
on several organs, such as the heart and kidneys. Of
interest was a recently published study that showed no
difference in long-term survival between isolated CABG
patients with TNP-treated mediastinitis and CABG pa-
tients without mediastinitis [26]. Because the topical
negative pressure is in direct contact with the heart,
which is exposed through the diastase of the sternotomy
in patients with poststernotomy mediastinitis during
TNP, increased coronary collateral blood vessels may
have developed during TNP and these patients might
therefore be better prepared when bypass grafts fail to
work.

The present study provides interesting new informa-
tion on how topically applied negative pressure may
improve microvascular blood flow in the myocardium.
When the area of the myocardium studied was exposed
to a topical negative pressure of —50 mm Hg, an imme-
diate significant increase in microvascular blood flow was
observed. This is in accordance with previous results
showing increased microvascular blood flow of the skel-
etal muscle upon application of TNP [7, 8, 27].

To investigate whether similar results could be ob-
tained in an ischemic model, the LAD was occluded for
20 minutes. It is commonly accepted that 20 minutes of
LAD occlusion establishes ischemia in the myocardium.
When the ischemic area of the myocardium was exposed
to a topical negative pressure of —50 mm Hg, an imme-
diate significant increase in microvascular blood flow was
detected. Furthermore, after 20 minutes of reperfusion,
myocardial blood flow significantly increased when —50
mm Hg was applied.

Increasing blood flow to the myocardium is the aim of
any form of treatment of ischemic heart disease. For most
patients, commonly used interventions such as PCI and
CABG are successful. In patients with refractory angina
pectoris, no satisfactory therapy yet exists. TNP stimula-
tion of myocardial blood flow may be a possible thera-
peutic intervention. It is believed that the sheering forces
exerted by TNP stimulate angiogenesis [8, 11, 12, 28]. We
have indeed observed in patients treated with TNP that
richly vascularized granulation tissue develops over the
heart within 4 to 5 days. These newly formed blood
vessels may provide collateral blood supply that is
needed when the native circulation fails to provide suf-
ficient blood flow. It may be that the TNP stimulation of
blood flow and development of collateral blood vessels in
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part accounts for the reduced long-term mortality in
patients treated with TNP for poststernotomy mediasti-
nitis after CABG [5, 26].

A negative pressure of —50 mm Hg was used in the
present study. Blood flow stimulation by TNP has been
found to be a function of tissue density, the negative
pressure applied, and the distance from the wound
edge [7, 28]. The most commonly used negative pres-
sures of —75 mm Hg and —125 mm Hg stimulate blood
flow to a depth of 25 mm in the skeletal muscle,
whereas lower negative pressures such as -50 mm Hg
stimulate blood flow closer to the surface [7]. The laser
Doppler probes were placed at a depth of approxi-
mately 6 to 8 mm. To stimulate blood flow this close to
the surface of the tissue, the lower negative pressure of
—50 mm Hg was used.

CPB was used to minimize movement artifacts while
measuring blood flow in the myocardium using laser
Doppler technology. The effect of TNP on the beating
heart can not be deduced from the present results,
although we believe that the effect would be similar to
that observed here. Furthermore, CPB facilitated the
intervention because arrhythmia and circulatory failure
were avoided during the induction of ischemia and
reperfusion.

In this study, we applied TNP to the myocardium
and showed that a topical negative pressure of —50 mm
Hg causes a significant increase in microvascular blood
flow, not only in normal and ischemic myocardium but
also in ischemic myocardium during reperfusion. TNP
may thus constitute an alternative therapeutic inter-
vention to stimulate blood flow in the failing myocar-
dium in patients with refractory angina pectoris. Ex-
tended preclinical trials and clinical studies on humans
will be required before any clinical recommendations
can be made.
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the Swedish Medical Research Council, the Crafoord Founda-
tion, the Swedish Heart-Lung Foundation, the Swedish Govern-
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INVITED COMMENTARY

Patients with severe diffuse coronary artery disease and
refractory angina who can not be treated with conven-
tional coronary artery bypass graft surgery or angioplasty
represent a clinical challenge due to the absence of
proven effective alternative treatments. Therapies such
as transmyocardial laser and cardiac denervation have
not had the expected results, and our own group dem-
onstrated that although these two treatment modalities
can induce angina relief in the short-term, their efficacy
was limited (eg, most patients remained with some
degree of angina) and their efficacy was also transient (eg,
the benefit was partly lost by 42-month follow-up), and
this is not associated with detectable improvement in
myocardial perfusion as assessed by magnetic resonance
imaging [1]. Our group has also found that myocardial
revascularization by arterialization of the coronary ve-
nous system (eg, grafts connected to the venous system)
do not endure [2].

A great variety of angiogenic factors administered in
the form of proteins or genes can induce angiogenesis
and the growth of collateral arteries leading to an im-
provement in regional blood flow and the preservation of
tissue. However, despite promising laboratory outcomes,
the preliminary clinical studies carried out to date have
not shown a clear benefit and the real clinical potential of
angiogenic factors remains unresolved. More recently
the potential of stem cells to differentiate into practically
any cell type have been realized and a number of cells
have been used in myocardial repair to improve blood
flow. There is no doubt that the use of stem cells and
genetic modifications have opened up new horizons in
angiogenic therapy, but the field is still in its infancy and
much more investigation will be required before a wider
clinical use is considered.

Lindstedt and co-authors [3] report that the application
of negative pressure to the surface of the pig heart
increases myocardial blood flow in the normal, ischemic,
and reperfused myocardium, and conclude that it may
represent a new approach to treat ischemic myocardium.
The usefulness of negative pressure for wound healing,
including post-sternotomy mediastinitis, is well recog-
nized. A potential mechanism for the beneficial effect of
negative pressure may be the stimulation of blood flow
that is supported by the findings of Lindstedt and col-
leagues’ [3] study. However it should be noted that in this
study there is a methodological problem that the anterior

© 2007 by The Society of Thoracic Surgeons
Published by Elsevier Inc

descending coronary artery was occluded, and the flow
changes were assessed in the anterior wall of the right
ventricle rather than in the left ventricle. This means that
although the reported increase in myocardial blood flow
in the normal muscle can be real, the flow changes in the
ischemic myocardium need to be confirmed by appropri-
ately designed experiments.

The concept that topical application of negative pres-
sure to the myocardium can be used for increasing the
blood flow to ischemic areas of the heart is worth explor-
ing, and if proven to be effective, this may become a
valuable therapy to control refractory angina in patients
that can not receive conventional revascularization pro-
cedures. It can even be argued that the treatment could
be useful as an adjuvant to conventional revasculariza-
tion when complete revascularization can not be
achieved. However, before topical negative pressure is
considered for clinical use, it would require the demon-
stration that any increase in blood flow to ischemic
myocardium is sufficient to support normal metabolism
and function of the affected heart muscle. Furthermore,
the application of such a technology would need the
design and development of devices that could be selec-
tively applied to the chosen myocardial areas without
impairment of the cardiac function.

Manuel Galifianes, MD, PhD

Cardiac Surgery Group

Department of Cardiovascular Sciences
University of Leicester

Glenfield Hospital

Groby Rd

Leicester, LE3 9QP United Kingdom
e-mail: mg50@le.ac.uk
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Abstract Background: We have previously shown that a myocardial topical negative pressure (TNP) of
—50 mmHg significantly increases microvascular blood flow in the underlying myocardium in
normal, ischemic, and reperfused porcine myocardium. The present study was designed to elucidate
the effect of different TNP levels between —50 and —150 mmHg on microvascular flow in normal
and ischemic myocardium.

Materials and methods: Seven pigs underwent median sternotomy. The microvascular blood flow
in the myocardium was recorded, before and after the application of TNP, using laser Doppler
velocimetry. Analyses were performed before left anterior descending artery (LAD) occlusion
(normal myocardium) and after 20 min of LAD occlusion (ischemic myocardium).

Results: A TNP of —50 mmHg significantly increased microvascular blood flow in both normal
(from 320.0+56.1 PU before TNP application to 435.7+65.5 PU after TNP application, P=.028) and
ischemic myocardium (from 110.0+36.7 PU before TNP application to 194.3+56.2 PU after TNP
application, P=.012). TNP between —75 and —150 mmHg showed no significant increase in
microvascular blood flow in normal or ischemic myocardium.

Conclusions: Of pressures between —50 and —150 mmHg, a TNP of =50 mmHg seems to be the
most effective negative pressure concerning significant increase in microvascular blood flow in both
normal and ischemic myocardium.

© 2008 Elsevier Inc. All rights reserved.

Keywords: TNP; Microvascular blood flow; Ischemia; Revascularization

1. Introduction

Topical negative pressure (TNP) has been shown to
facilitate the healing of chronic and problematic wounds
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[1,2] including diabetic wounds [3] and poststernotomy
mediastinitis [4—7]. The physiological and molecular
biological mechanisms by which TNP promotes wound
healing are, to a large extent, unknown. However, one of the
mechanisms by which TNP promotes wound healing is by
stimulating wound edge blood flow, which has been shown
in both peripheral [8] and skeletal muscle in sternotomy
wounds [9]. TNP produces a mechanical stress and a
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pressure gradient across the tissue, which may cause a surge
of blood to the area. Mechanical forces and increased blood
flow are known to stimulate granulation tissue formation,
that is, endothelial proliferation, capillary budding, and
angiogenesis, or secondary new vessel formation [10—12].

The majority of patients who require intervention for
coronary artery disease are adequately treated by percuta-
neous coronary intervention (PCI) or coronary artery bypass
grafting (CABG). However, a major reason for failure of
these treatments is their dependency on luminal size and
coronary outflow. Methods of stimulating myocardial
neovascularization that are not dependent on vessel caliber
therefore provide an important alternative treatment. Numer-
ous studies have evaluated the efficacy of gene therapy in the
treatment of ischemic heart disease for the restoration of
myocardial function by stimulation of angiogenesis and
collateral vessel formation [13—17].

TNP is known to stimulate blood flow in tissues [1], such
as the skeletal muscle [9,18]. We have earlier shown that a
TNP of —50 mmHg significantly increases microvascular
blood flow in the underlying tissue, in both normal and
ischemic myocardium [19]. No study has been performed to
examine the effects of different negative pressure levels on
microvascular blood flow in the myocardium. The aim of the
study was to elucidate the optimal negative pressure level for
the heart muscle that would induce maximal increase in
myocardial microvascular blood flow. In this study, blood
flow was measured using laser Doppler velocimetry in a
porcine model. The effect of different TNPs, between —50
and —150 mmHg, on microvascular blood flow was
investigated in the myocardium before and during occlusion
of the left anterior descending artery (LAD) to imitate
ischemic coronary disease.

2. Materials and methods
2.1. Experimental animals

A porcine model was used for the present study. Seven
domestic Landrace pigs of both genders, with a mean body
weight of 70 kg, were fasted overnight with free access to
water. The Ethics Committee for Animal Research, Lund
University, Sweden, approved the study. 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).

2.2. Anesthesia

All the animals were premedicated intramuscularly
with ketamine (30 mg/kg) before they were brought into
the laboratory. Before commencing surgery, sodium thio-
pental (5 mg/kg), atropine (0.02 mg/kg), and pancuronium
(0.5 mg/kg) were given intravenously. Tracheotomy was

performed with a Portex endotracheal tube (7.5 mm internal
diameter, Medcompare, USA). A Servo ventilator (Siemens
Elema 300A, Stockholm, Sweden) was used for mechanical
ventilation throughout the experiment. The ventilator
settings used were the following: minute volume=100 ml/
kg, FiO,=0.5, breathing frequency=16 breaths/min, and
positive end expiratory pressure=5 cm H,O.

Anesthesia and muscular paralysis were maintained by
continuous intravenous infusion of Diprivan (propofol, As-
traZeneca, Sweden) 8—10 mg/kg/h, Leptanal 0.15 mg/kg/h
(fentanyl, Lilly, France), and Pavulon 0.6 mg/kg/h (pancur-
onium, Organon Teknika, Boxtel, the Netherlands).

2.3. Data acquisition

Mean arterial pressure, central venous pressure, body
temperature, and ventilatory parameters were recorded
throughout the experiments.

2.4. Surgical procedure

Surgery was performed through median sternotomy. After
heparinization (400 IU/kg), a cardiopulmonary bypass (CPB)
was installed with an arterial cannula (22 French, DLP
Elongated One-Piece Arterial Cannula, Medtronic Inc.,
Minneapolis, MN, USA) in the distal ascending aorta and a
venous cannula (32 French, MC2 Two-Stage Venous
Cannula, Medtronic Inc.) inserted through the right atrium.
Before cannulation of the heart, the cannulae were inserted
through the thoracic wall to prevent air leakage during TNP
application. CPB was conducted in normothermia. Ventri-
cular fibrillation was subsequently induced in the heart. No
aortic cross clamping was performed, and no cardioplegia
was employed. The mean arterial pressure was maintained
between 60 and 80 mmHg. A left ventricular vent (DLP Vent,
Medtronic Inc.) was used to protect the left chamber from
overloading. Pulmonary ventilation was applied at 4 1/min
during the experiments.

CPB was used to facilitate the measurement of micro-
vascular blood flow using laser Doppler velocimetry.
Fibrillation of the heart minimizes the movement artifacts,
while the physiological conditions are, to a large extent,
conserved. Moreover, CPB prevents the risk of circulatory
failure during LAD occlusion, thereby facilitating experi-
mental analysis in the ischemic myocardium.

Microvascular blood flow was measured by laser
Doppler velocimetry (Peri Flux System 5000, Perimed,
Stockholm, Sweden), using a technique that quantifies the
sum of the motion of the red blood cells in a specific
volume, extensively applied in plastic surgery procedures
[20]. In this method, a fiber-optic probe carries a beam of
light. Light impinging on cells in motion undergoes a
change in wavelength (Doppler shift), while light impinging
on static objects remains unchanged. The magnitude and
frequency distribution of the changes are directly related to
the number and velocity of red blood cells. The information
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Fig. 1. Microvascular blood flow measured using laser Doppler velocimetry in ischemic myocardium exposed to TNPs of =50, =75, =100, —125, and =150 mmHg.
The measurements were performed at a depth at 6-8 mm in the myocardium in seven pigs. In the left panel, the results are shown as mean+S.EM. A level of
*P<05 was considered statistically significant. The right panel shows a representative example of the change in microvascular blood flow after the application of

—50 and —75 mmHg TNPs in normal myocardium.

is collected by a returning fiber, converted into an electronic
signal and analyzed.

Laser Doppler probes were inserted horizontally into the
heart muscle 6—8 mm lateral of the LAD at depths of
approximately 6—8 mm. The mean thickness of the
chamber wall was approximately 20—25 mm. All probes
were carefully fixed to the surface of the heart with a suture
(Prolene 7-0; Ethicon Inc., Somerville, NJ, USA), thereby
preventing the probe from sliding. A round hole with a
diameter of 5 cm was made in the middle of a phrenic
nerve pad (Phrenic Nerve Pad, Medtronic Inc.) and placed
on top of the heart. The pad was stabilized to the
surrounding myocardium with 8—10 sutures (Prolene 5-0;
Ethicon Inc.) and to the posterior sternal edges with sutures
(Dermalon 2-0; Davis and Geck, St. Louis, MO, USA). A
retractor was used throughout the experiments to keep the
sternal edges apart. A polyurethane foam dressing, with an
open pore structure of 400 to 600 pm (KCI, Copenhagen,
Denmark), was placed between the sternal edges. The
foam was continuously sutured to the surrounding skin
(Dermalon 2-0; Davis and Geck). The wound was sealed
with a transparent adhesive drape. A track pad (KCI) was
inserted through the drape and was connected to a
continuous vacuum source (V.A.C. pump unit, KCI).
When the negative pressure is applied, the heart will be
drawn up toward the phrenic nerve pad and the foam
without interfering with the sternal edges. This procedure
causes the application of negative pressure to affect only
the myocardium exposed by the S5-cm-diameter hole.
After the experiment, the heart was dissected to confirm
probe location.

2.5. Experimental protocol

The microvascular blood flow was measured continuously
by the laser Doppler filament probes. Recordings were made in
normal myocardium, before negative pressure was applied, at
negative pressures of =50, =75, =100, —125, and 150 mmHg.
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Fig. 2. Microvascular blood flow measured using laser Doppler velocimetry
in the myocardium before and after 5, 10, 15, and 20 min of occlusion of the
LAD. Note the decrease in microvascular blood flow, from 308.6+56.5 PU
before occlusion of the LAD to 108.6+35.5 PU after 20 min occlusion of the
LAD, in the area studied. The results are shown as mean+S.E.M. A level of
*P<05 was considered statistically significant.
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The LAD was then occluded for 20 min with an elastic
vessel loop. Microvascular blood flow was measured before
and after 5, 10, 15 and 20 min of occlusion.

Moreover, recordings were made in ischemic myocar-
dium, before negative pressure was applied, at negative
pressures of =50, =75, =100, —125, and —150 mmHg.

2.6. Calculation and statistics

Laser Doppler velocimetry measurements were performed
on seven pigs. The output was continuously recorded using
PeriSoft software (Perimed, Stockholm, Sweden). Microvas-
cular blood flow was expressed in terms of perfusion units
(PU). A repeated measurement general linear model was used
to test the main effect of treatment and subject on normal
myocardium and ischemic myocardium. Post hoc testing of the
treatment was performed using Dunnett’s test with a control
(baseline/no treatment/0 mmHg). Analysis of the residuals of
the model was also performed to check for model adequacy.
Anderson—Darling’s test was carried out to evaluate the
assumption of normality, and Levene’s test for heteroscedas-
ticity was used to verify that the assumption of constant
residual variance was justified. A level of P<05 was
considered statistically significant.

3. Results
3.1. Normal myocardium

A TNP of =50 mmHg induced an immediate significant
increase in microvascular blood flow in normal myocardium
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(from 320.0+56.1 PU before TNP application to 435.7+65.5
PU after TNP application, P=.028). A TNP of —75 mmHg
resulted in an increase in microvascular blood flow (from
320.0+56.1 PU before TNP application to 418.6+72.7 PU
after TNP application, P=.090). However, the increase in
microvascular blood flow was lower than the blood
flow induced at —50 mmHg. TNPs between —100 and
—150 mmHg induced an immediate decrease in microvas-
cular blood flow in normal myocardium compared to that at
—50 mmHg (Fig. 1).

3.2. LAD occlusion

Ischemia was induced by occlusion of the LAD for 20
min. The blood flow was 308.6+56.5 PU before occlusion of
the LAD and decreased to 108.6+35.5 PU after 20 min of
LAD occlusion (P=.022; Fig. 2).

3.3. Ischemic myocardium

Upon application of a TNP of —50 mmHg, an immediate
significant increase in microvascular blood flow was seen
in the ischemic myocardium (from 110.0£36.7 PU before
TNP application to 194.3+£56.2 PU after TNP application,
P=.012). A TNP of —75 mmHg resulted in an increase in
microvascular blood flow (from 110.0£36.7 PU before
TNP application to 138.6+38.9 PU after TNP application,
P=.571). TNPs between —100 and —150 mmHg induced
an immediate decrease in microvascular blood flow in
ischemic myocardium compared to that at —50 mmHg
(Fig. 3).
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Fig. 3. Microvascular blood flow measured using laser Doppler velocimetry in ischemic myocardium exposed to TNPs of =50, =75, =100, =125, and —150 mmHg.
The measurements were performed at a depth at 6-8 mm in the myocardium in seven pigs. In the left panel, the results are shown as mean+S.E.M. A level of
*P<.05 was considered statistically significant. The right panel shows a representative example of the change in microvascular blood flow after the application of
—50 and —75 mmHg TNPs after 20 min of occlusion of the LAD (ischemic myocardium). Note the immediate increase in blood flow when the negative pressure

of =50 mmHg is applied and the immediate decrease when —75 mmHg is applied.
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4. Discussion

We have earlier shown that a TNP of —50 mmHg
significantly increases microvascular blood flow in the
underlying tissue, in both normal and ischemic myocardium
[19]. Applying different negative pressures to skeletal
muscle causes different changes in blood flow [9]. When
the negative pressure exceeds a specific level, it seems to
constringe the vessels in the skeletal muscle and a decrease
in local blood flow is seen [9,21]. In the treatment of
poststernotomy mediastinitis with TNP, pressures between
—75 and —125 mmHg have been shown to provide optimal
conditions for healing. The application of different TNPs
directly on the myocardium has not, to our knowledge, been
attempted previously. Our intention is to create a new mode
of treatment for ischemic heart disease in cases where other
therapies have failed or are not suitable. It is therefore
important to determine the negative pressure that provides
maximal blood flow in the heart muscle while avoiding
negative side effects. To minimize movement artifacts while
measuring blood flow in the myocardium using laser
Doppler technology, we used CPB. The effect of TNP on
the beating heart cannot be deduced from the present results,
although we believe that the effect would be similar to that
observed here. Furthermore, CPB facilitated the intervention
since arrhythmia and circulatory failure were avoided during
the induction of ischemia.

In the present study, we have shown that a TNP of
—50 mmHg significantly increases microvascular blood flow
in both normal (P=.028) and ischemic myocardium
(P=.012). As seen in a previous study [19], when a negative
pressure of =75 mmHg was applied to normal and ischemic
myocardium, the microvascular blood flow increased
compared to baseline; however, this increase was not
significant. In both normal and ischemic myocardium,
negative pressures, between —100 and —150 mmHg, led to
a decrease in microvascular blood flow, as compared to
baseline; this may indicate that those pressures may
constringe the vessels, thus reducing the microvascular
blood flow to the exposed myocardium (Figs. 1 and 3).

Despite the extensive clinical use and excellent outcome
of TNP in wound therapy, the fundamental scientific
mechanism is only partly understood. The known effects
of TNP are enhanced blood flow to the wound edge and
granulation tissue formation [1,2]. TNP increases blood flow
velocity and opens up the capillary beds. The mechanical
force exerted by TNP and increased blood flow affect the
cytoskeleton in the vascular cells, stimulating endothelial
proliferation, capillary budding, and angiogenesis, that is,
granulation tissue formation [10,11]. TNP has recently been
shown to increase angiogenesis and decrease matrix
metalloproteinases, both of which promote new vessel
formation [12].

In the present study, we hypothesized that the application
of TNP to the surface of the heart would stimulate
microvascular blood flow in the myocardium, as seen in

skeletal muscle during TNP [9,21]. Indeed, we have
observed that patients with poststernotomy mediastinitis
treated with TNP develop a thick layer of well-vascularized
granulation tissue on the exposed surface of the heart.
Mediastinitis is a strong predictor of poor long-term survival
after CABG, and it has been suggested that mediastinitis
may cause negative, long-term effects on several organs,
such as the heart and kidneys [22]. Interestingly, a recently
published study showed no difference in long-term survival
between isolated CABG patients with TNP-treated medias-
tinitis and CABG patients without mediastinitis [23]. Since
the TNP is in direct contact with the heart, which is exposed
through the diastase of the sternotomy, these patients might
have developed increased coronary collateral blood vessels
during TNP and may therefore be better prepared when
bypass grafts fail to work. We have indeed observed, in
patients treated with TNP, that richly vascularized granula-
tion tissue develops over the heart within 7-8 days. These
newly formed blood vessels may provide collateral blood
supply that is needed when the grafts fail to maintain
sufficient blood flow. It may well be that the stimulation of
blood flow and development of collateral blood vessels by
TNP in part account for the reduced long-term mortality in
patients treated with TNP for poststernotomy mediastinitis
after CABG.

Among patients with chronic ischemic heart disease, it is
important to improve the microvascular blood flow in the
myocardium during episodes of ischemia to protect the
myocardium from infarction. However, a large group of
patients suffer from refractory angina pectoris. Conventional
treatment such as PCI and CABG has not been successful in
these patients. Various other therapies have been tried, such
as percutaneous myocardial laser revascularization [24] and
enhanced external counterpulsation [25], with varying
results. Even spinal cord stimulation has been used in an
attempt to ease their ischemic pain [26]. However, a
satisfactory means of treating these patients has yet to be
found. A new form of treatment resulting in new collateral
vessel formation would thus be of interest for these patients.

Recognition of the central role played by angiogenetic
growth factors in the endogenous process of tissue
vascularization has led to the development of therapeutic
angiogenesis in which exogenous growth factors are
administered to ischemic tissue to enhance the reperfusion
of these tissues. Vascular endothelial growth factor (VEGF)
proteins have been shown to play a key role in the
modulation of angiogenesis and vascular growth
[15,27,28]. Moreover, TNP produces a mechanical shear
stress that is known to activate VEGF without the need for
any exogenous VEGF administration [29-31].

In conclusion, effects of different TNPs on myocardial
microvascular blood flow have not previously been studied.
In the present study, we have shown that TNP causes a
significant increase in microvascular blood flow, not only in
normal myocardium but also in ischemic myocardium. Our
results also indicate that TNP of —50 mmHg seems to be the
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most suitable pressure, as greater negative pressure seems to
constringe the vessels and decrease microvascular blood
flow. TNP may thus constitute an alternative therapeutic
intervention to stimulate blood flow in the failing
myocardium in patients with ischemic heart disease.
Extended preclinical trials and clinical studies on humans
will be required before any clinical recommendations can
be made.

5. Summary

TNP produces a mechanical shear stress, which is known
to increase blood flow and stimulate angiogenesis. A TNP of
—50 mmHg significantly increases the microvascular blood
flow in normal and ischemic myocardium. This may provide
a novel therapeutic tool in the future treatment of ischemic
heart disease.
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Abstract

Background: Topical negative pressure (TNP), commonly used in wound therapy, has been
shown to increase blood flow and stimulate angiogenesis in skeletal muscle. We have previously
shown that a myocardial TNP of -50 mmHg significantly increases microvascular blood flow in the
myocardium. When TPN is used in wound therapy (on skeletal and subcutaneous tissue) a zone of
relative hypoperfusion is seen close to the wound edge. Hypoperfusion induced by TNP is thought
to depend on tissue density, distance from the negative pressure source, and the amount negative
pressure applied. When applying TNP to the myocardium, a significant, long-standing zone of
hypoperfusion could theoretically cause ischemia, and negative effects on the myocardium. The
current study was designed to elucidate whether hypoperfusion was produced during myocardial
TNP.

Methods: Six pigs underwent median sternotomy. Laser Doppler probes were inserted
horizontally into the heart muscle in the LAD area, at depths of approximately, |-2 mm. The
microvascular blood flow was measured before and after the application of a TNP. Analyses were
performed before left anterior descending artery (LAD) occlusion (normal myocardium) and after
20 minutes of LAD occlusion (ischemic myocardium).

Results: A TNP of -50 mmHg induced a significant increase in microvascular blood flow in normal
myocardium (*p = 0.01), while - 125 mmHg did not significantly alter the microvascular blood flow.
In ischemic myocardium a TNP of -50 mmHg induced a significant increase in microvascular blood
flow (*p = 0.04), while -125 mmHg did not significantly alter the microvascular blood flow.

Conclusion: No hypoperfusion could be observed in the epicardium in neither normal nor
ischemic myocardium during myocardial TNP.

Introduction wounds [1-3], for example, post-sternotomy mediastini-
Vacuum therapy, or topical negative pressure (TNP), can  tis[4,5]. The physiological and molecular biological
be regarded as an established clinical routine for wound = mechanisms by which TNP accelerates wound healing are
care, in use since the mid or late 1990's, and it has been to a large extent unknown. However, TNP is known to
shown to promote the healing of chronic and problematic  increase the blood flow as a result of mechanical stress
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and a pressure gradient across the tissue, and increased
blood flow is known to stimulate granulation tissue for-
mation, and angiogenesis in subcutaneous tissue and
skeletal muscle [6-10].

Mediastinitis is a strong predictor for poor long-term sur-
vival after coronary artery by-pass grafting (CABG), when
using conventional wound healing techniques (closed
irrigation, delayed wound closure, or reconstructing with
omentum or pectoral flaps) [11-16]. Recently, the use of
TNP has gained acceptance in the treatment of post-ster-
notomy mediastinitis, and is today the standard mode of
treatment in many cardiac surgery centers [4,5,17,18].

Previously, we have showed no difference in long-term
survival between CABG patients with TNP-treated medias-
tinitis and CABG patients without mediastinitis [17]. It
may be that the TNP stimulation of blood flow and devel-
opment of collateral blood vessels in part account for the
reduced long-term mortality.

Patients with ungraftable coronary disease may benefit
from methods that increase blood flow to the area and
stimulate myocardial angiogenesis that are not dependent
on vessel caliber. Vascular endothelial growth factor
(VEGF) has been found to be one of the most interesting
growth factors in therapeutic angiogenesis [19-24]. Inter-
estingly, the mechanical forces exerted by TNP stimulate
the endogenous production of VEGF[25,26].

We have previously shown that a myocardial TNP of -50
mmHg significantly increases microvascular blood flow
in the underlying myocardium at a depth of 6-8 mm in
porcine myocardium[27]. We have also shown that TNP
produces relative hypoperfusion close to the wound edge
in muscular and subcutaneous tissue[8]. Hypoperfusion
in myocardial TNP could theoretically lead to ischemia,
with negative consequences in the myocardium. The
present study was designed to elucidate whether a relative
hypoperfusion zone is produced in the epicardium, at a
depth of 1-2 mm in the heart muscle, during the applica-
tion of TNP.

The microvascular blood flow was measured using laser
Doppler velocimetry in a porcine model. The effect of a
TNP of -50 and -125 mmHg was investigated before and
during occlusion of the left anterior descending artery
(LAD) to imitate ischemic coronary disease. No such
study has to our knowledge been performed previously.

Methods

Experimental animals

A porcine model was use in the present study. Six domes-
tic landrace pigs of both genders, with a mean body
weight of 70 kg, were fasted overnight with free access to

http://www.cardiothoracicsurgery.org/content/2/1/53

water. The study was approved by the Ethics Committee
for Animal Research, Lund University, Sweden. The inves-
tigation 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

All animals were pre-medicated intramuscularly with ket-
amine (30 mg/kg) before they were brought into the lab-
oratory. Before commencing surgery sodium thiopental
(5 mg/kg), atropine (0.02 mg/kg) and pancuronium (0.5
mg/kg) were given intravenously. Tracheotomy was per-
formed with a Portex endo-tracheal tube (7.5 mm internal
diameter, Medcompare™, USA). A servo-ventilator (Sie-
mens Elema 300A, Stockholm, Sweden) was used for
mechanical ventilation throughout the experiment. The
ventilator settings used were: minute volume = 100 ml/kg,
FiO, = 0.5, breathing frequency = 16 breaths/minute and
positive end expiratory pressure = 5 cmH,0O.

Anesthesia and muscular paralysis were maintained with
a continuous intravenous infusion of 8-10 mg/kg/hour
propofol (Diprivan®, AstraZeneca, Sweden), 0.15 mg/kg/
hour fentanyl (Leptanal®, Lilly, France), and 0.6 mg/kg/
hour pancuronium (Pavulon®, Organon Teknika, Boxtel,
the Netherlands).

Data acquisition

Mean arterial pressure, central venous pressure, heart fre-
quency, and ventilatory parameters were recorded
throughout the experiments.

Surgical procedure

Surgery was performed through median sternotomy. After
heparinization (400 IU/kg) a cardiopulmonary bypass
(CPB) was installed with an arterial cannula (22 French,
DLP © Elongated One-Piece Arterial Cannula (EOPA™),
Medtronic Inc., Minneapolis, MO, USA) in the distal
ascending aorta, and a venous cannula (32 French, MC2®
Two-Stage Venous Cannula, also from Medtronic Inc.)
inserted through the right atrium. Before cannulation of
the heart the cannulae were inserted through the thoracic
wall to prevent air leakage during TNP application. CPB
was conducted in normothermia. Ventricular fibrillation
was subsequently induced in the heart. No aortic cross-
clamping was performed and no cardioplegia was
employed. The mean arterial pressure was maintained
between 60 and 80 mmHg. A left ventricular vent (DLP®
Vent, also from Medtronic Inc.) was used to protect the
left chamber from overloading. Pulmonary ventilation
was applied at a rate of 4 liters/minute during the experi-
ments.
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A CPB was used to facilitate the measurements of microv-
ascular blood flow using laser Doppler velocimetry. Fibril-
lation of the heart minimizes the movement artifacts,
while the physiological conditions are, to a large extent,
conserved. Moreover, CPB prevents the risk of circulatory
failure during LAD occlusion, thereby facilitating experi-
mental analysis in the case of the ischemic myocardium.

Microvascular blood flow was measured using laser Dop-
pler velocimetry (Transonic® Laser Doppler Monitor,
BLF21, Maastricht, the Netherlands, and Peri Flux System
5000, Perimed, Stockholm, Sweden), employing atech-
nique that quantifies the sum of the motion of the red
blood cells in a specific volume. This method is exten-
sively applied in plastic surgery procedures and employs a
fiberoptic probe carrying a beam of light. Light impinging
on cells in motion undergoes a change in wavelength
(Doppler shift) while light impinging on static objects
remains unchanged. The magnitude and frequency distri-
butions of the changes are directly related to the number
and velocity of red blood cells. The information is col-
lected by a returning fiber, converted into an electronic
signal, and analyzed[28].

Laser Doppler probes were inserted horizontally into the
heart muscle 6-8 mm lateral of the LAD at depths of
approximately 1-2 mm. All probes were carefully fixed to
the surface of the heart with a suture (Prolene 7-0; Ethicon
Inc., New Jersey, USA), thereby preventing probe move-
ment. After the experiments, the heart was dissected and
the probe location was confirmed. A round hole, 5 cm in
diameter, was made in the middle of a phrenic nerve pad
(Phrenic Nerve Pad® Medtronic Inc.) and placed on top of
the heart. The pad was stabilized to the surrounding myo-
cardium by 8-10 sutures (Prolene 5-0; Ethicon Inc., New
Jersey, USA) and by sutures to the posterior sternal edges
(Dermalon 2-0; Davis and Geck, St. Louis, New Jersey,
USA). A retractor was used throughout the experiments to
keep the sternal edges apart. A polyurethane foam dress-
ing, with an open pore structure of 400 to 600 pm (KCI,
Copenhagen, Denmark) was placed between the sternal
edges. The foam was continuously sutured to the sur-
rounding skin (Dermalon 2-0; Davis and Geck). The
wound was sealed with a transparent adhesive drape. A
Track Pad (KCI, Copenhagen, Denmark) was inserted
through the drape and was connected to a vacuum pump,
(V.A.C. pump unit, KCI, Copenhagen, Denmark). When
the negative pressure is applied, the heart will be drawn
up towards the phrenic nerve pad and the foam without
interfering with the sternal edges. This procedure causes
the application of negative pressure to affect only the
myocardium exposed through the 5 cm diameter hole.

http://www.cardiothoracicsurgery.org/content/2/1/53

Experimental protocol

The microvascular blood flow was measured continu-
ously by the laser Doppler filament probes. Recordings
were made in normal myocardium, before negative pres-
sure was applied, and at negative pressures of -50 and -
125 mmHg.

The LAD was then occluded for 20 minutes with an elastic
vessel loop. Microvascular blood flow was measured
before, and after 5, 10, 15 and 20 minutes of occlusion.

Recordings were also made in ischemic myocardium,
before negative pressure was applied, and at negative pres-
sures of -50 and -125 mmHg.

Calculations and statistics

Laser Doppler velocimetry measurements were performed
on six pigs. The output was continuously recorded using
PeriSoft software (Perimed, Stockholm, Sweden). Microv-
ascular blood flow was expressed in terms of perfusion
units (PU). Calculations and statistical analysis were per-
formed using GraphPad 4.0 software. Statistical analysis
was performed using Student's paired t-test. Significance
was defined as *p < 0.05, **p < 0.01, ***p < 0.001 and p
> 0.05 (not significant, n.s.). Values are presented as
means + the standard error on the mean (SEM).

Results

Normal myocardium

A topical negative pressure of -50 mmHg induced an
immediate significant increase in microvascular blood
flow in normal myocardium (from 365.8 + 111.7 PU
before, to 649.8 + 78.3 PU after TNP application, ** p =
0.01) (Figure 1A). ATNP of -125 mmHg did not result in
any significantly change in microvascular blood flow
(365.8 + 111.7 PU before, and 279.2 + 57.1 PU after TNP
application, p = 0.33) (Figure 1B).

LAD occlusion

Ischemia was induced by occlusion of the LAD for 20
minutes. The blood flow was 311.7 + 106.2 PU before
occlusion of the LAD, and decreased to 90.0 + 37.3 PU
after 5 minutes (*p = 0.03), to 95.0 + 32.2 PU after 10
minutes (*p = 0.04), to 95.8 + 36.9 after 15 minutes (*p =
0.04), and to 84.2 + 29.9 after 20 minutes (*p = 0.02) of
LAD occlusion (Figure 2).

Ischemic myocardium

A topical negative pressure of -50 mmHg induced an
immediate significant increase in microvascular blood
flow in ischemic myocardium (from 69.0 + 5.5 PU before,
to 147.0 + 9.1 PU after TNP application, * p = 0.04) (Fig-
ure 3A). ATNP of -125 mmHg did not result in any signif-
icantly change in microvascular blood flow (69.0 + 5.5 PU
before, and 75.0 + 5.9 PU after, p = 0.68) (Figure 3B).
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Microvascular blood flow measured using laser Doppler
velocimetry in normal myocardium exposed to topical nega-
tive pressures of A) -50 mmHg, and B) -125 mmHg. The
measurements were performed in six pigs at a depth of |-2
mm in the myocardium. Significance was defined as *p < 0.05,
*p < 0.01, ¥**p < 0.001 and p > 0.05 (not significant, n.s.).
Values are presented as means * the standard error on the
mean (SEM).
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Figure 3

Microvascular blood flow measured using laser Doppler
velocimetry in ischemic myocardium exposed to topical neg-
ative pressures of A) -50 mmHg, and B) -125 mmHg. The
measurements were performed in six pigs at a depth at |-2
mm in the myocardium. Significance was defined as *p < 0.05,
*kp < 0.01, ¥¥p < 0.001 and p > 0.05 (not significant, n.s.).
Values are presented as means * the standard error on the
mean (SEM).

Conclusion

Post-sternotomy mediastinitis after CABG is a serious and
potentially life-threatening complication, with a high
mortality rate and substantial morbidity[12,14,29].
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Figure 2

Microvascular blood flow measured using laser Doppler
velocimetry in the myocardium before and after 5, 10, 15,
and 20 minutes of occlusion of the left anterior descending
artery (LAD). Note the decrease in microvascular blood
flow, from 311.7 + 106.2 PU before, to 84.2 + 29.9 PU after
20 minutes' occlusion of the LAD, in the area studied. Signifi-
cance was defined as *p < 0.05, **p < 0.01, ***p < 0.001 and
p > 0.05 (not significant, n.s.). Values are presented as means
+ the standard error on the mean (SEM).

Recently, the use of TNP has gained acceptance in the
treatment of post-sternotomy mediastinitis, and is today
the standard mode of treatment in many cardiac surgery
centers [4,5,17,18]. Before the introduction of TNP ther-
apy, the risk of late death in patients suffering from medi-
astinitis after cardiac surgery was reported to be two to
three times higher than that of patients without medias-
tinitis[12,14,29]. Milano and collages have suggested that
mediastinitis may cause negative long-terms effects on
several organs such as the heart and kidneys [13]. Theoret-
ically, a massive immunological response during a pro-
longed period of infection may cause adverse effects on
by-pass grafts. In those studies, reporting poor long-term
survival after mediastinitis, several conventional wound
healing techniques were used (closed irrigation, delayed
wound closure, or reconstructing with omentum or pecto-
ral flaps). Interestingly, Sjogren and coworkers, found no
difference in long-term survival between CABG patients
with TNP-treated mediastinitis and CABG patients with-
out mediastinitis [17]. During the treatment of post-ster-
notomy mediastinitis, the TNP is in direct contact with the
heart, which is exposed through the diastase of the ster-
notomy. These patients may therefore have developed
increased coronary collateral blood vessels during TNP,
and may be better prepared when bypass grafts fail to
work. We have indeed observed in patients treated with
TNP, that richly vascularized granulation tissue develops
over the heart within 7-8 days. It may well be that the
stimulation of blood flow and the development of collat-
eral blood vessels resulting from TNP in part account for
the reduced long-term mortality in patients treated in this
way.
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We have previously shown that TNP induces an increase
in the blood flow of the peristernal soft tissue (i.e. skeletal
muscular and subcutaneous tissue), and also that the
change is related to local effects, since the blood flow at a
distance of 4.5 cm from the wound edge was not affected
by the negative pressure[8]. The blood flow increased with
elevated subatmospheric pressure in both subcutaneous
and skeletal muscular tissue[8]. When the area under the
flow-distance curve was analyzed, covering 0.5 to 4.5 cm
from the wound edge, a maximal net increase in blood
flow was observed at -75 and -100 mmHg, in muscular tis-
sue. Interestingly, a difference in the profiles of the blood
flow responses was observed between the subcutaneous
and the muscular tissue. The distance from the wound
edge to the point at which the blood flow increased was
shorter in muscular tissue than in subcutaneous tissue|[8].
This may indicate that pressure is transduced differently in
a soft and in a dense tissue, and a less dense tissue col-
lapses more easily when affected by pressure. In the
immediate proximity of the wound edge, a zone of rela-
tive hypoperfusion was observed. This zone was larger at
high negative pressures and was especially prominent in
subcutaneous tissue. The size of the hypoperfused zone
depended on the pressure applied, and increased with
increasing negative pressure. In summary, the changes in
the peristernal wound blood flow caused by TNP vary
with the distance from the wound edge. A few centimeters
away from the wound edge, the blood flow increased
when subatmospheric pressure was applied. Conversely,
in the immediate proximity of the wound, the negative
pressure induced relative hypoperfusion|[8].

We have recently shown that a myocardial TNP of -50
mmHg significantly increases microvascular blood flow
in the underlying myocardium, at a depth of 6-8 mm in
the heart muscle, i.e. the middle of the myocardial ven-
tricular wall, in both normal, ischemic, and reperfused
porcine myocardium|[27]. We have also demonstrated
that TNP levels between -75 mmHg and -150 mmHg,
applied to the myocardium, do not alter myocardial
microvascular blood flow, also at depths at 6-8 mm down
into the myocardium|[30]. In skeletal muscle and subcuta-
neous tissue, application of different negative pressure
levels causes different changes in microvascular blood
flow[8]. When the negative pressure exceeds a specific
level it seems to constringe the vessels in subcutaneous tis-
sue and skeletal muscle and a decrease in microvascular
blood flow close to the vacuum source, i.e. a zone of
hypoperfusion, is seen[8]. The hypoperfusion zone seen
in subcutaneous tissue was greater then the one seen in
skeletal muscle at same pressure levels|8]. However, when
applying TNP to the myocardium, a significant, long-
standing zone of hypoperfusion could theoretically cause
ischemia, and negative effects on the myocardium. The
current study was designed to determine whether a zone

http://www.cardiothoracicsurgery.org/content/2/1/53

of relative hypoperfusion was produced during myocar-
dial TNP, as seen in subcutaneous and muscular tissue|8].
In the present study we show that, a TNP of -50 mmHg
applied over the LAD region significantly increases the
microvascular blood flow in normal myocardium, while a
TNP of -125 mmHg did not significantly alter the microv-
ascular blood flow. This indicates that no hypoperfusion
is produced in normal myocardium during TNP. In
ischemic myocardium, application of a TNP of -50 mmHg
over the LAD region resulted in a significant increase in
microvascular blood flow. However, a pressure of -125
mmHg did not induce any significant change in microvas-
cular blood flow in the ischemic myocardium. Conse-
quently, no hypoperfusion could be observed during
myocardial TNP in neither normal nor ischemic myocar-
dium. The absence of hypoperfusion might be explained
by the higher density of myocardium than skeletal muscle
and subcutaneous tissue.

Among patients with ischemic heart disease, some are not
suitable for current revascularization procedures such as
percutaneous coronary interventions (PCI) and CABG,
because of extensive and technically problematic coronary
lesions, i.e. refractory angina pectoris. The natural
response to myocardial ischemia is neovascularization.
This angiogenic process is a physiological attempt to limit
myocardial ischemia. Therapeutic angiogenesis, wherein
exogenous growth factors are administered to ischemic
tissue to enhance reperfusion, has been investigated as a
potential form of treatment for patients with advanced
coronary artery disease as an alternative to conventional
treatment such as PCI and CABG. VEGF proteins have
been shown to play a key role in the modulation of ang-
iogenesis and vascular growth [20,21]. Interestingly, TNP
produces a mechanical shear stress that is known to acti-
vate endogenous VEGF|[25,26,31-33].

Conclusion

In conclusion, no hypoperfusion could be observed in the
epicardium in neither normal nor ischemic myocardium
during myocardial TNP. Myocardial TNP may in the
future, constitute an alternative therapeutic intervention
to stimulate blood flow in the failing myocardium in
patients with ischemic heart disease.

List of abbreviations used
CABG Coronary Artery Bypass Grafting

LAD Left Anterior Descending Artery

PCI Percutaneous Coronary Interventions
PU Perfusion Units

TNP Topical Negative Pressure
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Objective Topical negative pressure, commonly used in
wound therapy, has been shown to increase blood flow and
stimulate angiogenesis in subcutaneous tissue and skeletal
muscle. In wound therapy, intermittent negative pressure is
often preferred to continuous negative pressure as tissue
exposed to intermittent therapy shows twice as much
granulation tissue formation than that exposed to
continuous pressure after 2 weeks of therapy. The present
study was designed to elucidate the differences in
microvascular blood flow in the left anterior descending
artery area between continuous and intermittent myocardial
topical negative pressure of —50 mmHg.

Methods Six pigs underwent median sternotomy. Laser
Doppler probes were inserted horizontally into the heart
muscle in the left anterior descending artery area at depths
of approximately 5-6 mm. Measurements of microvascular
blood flow were performed in normal myocardium and
ischemic myocardium during 20 min of countinuous and
intermittent topical negative pressure at —50 mmHg.

Results Both continuous and intermittent topical negative
pressure of —50 mmHg significantly increased

Introduction

Topical negative pressure (TNP) was introduced in
wound treatment in the mid 1990s. Since the late
1990s, it has been used in the treatment of poststernot-
omy mediastinitis with excellent clinical results, and
today it is routinely used at many cardiothoracic surgery
centers around the world [1-5]. The physiological and
molecular biological mechanisms by which TNP accel-
erates wound healing are to a large extent unknown. TNP
is, however, known to increase blood flow and stimulate
the formation of granulation tissue in subcutaneous tissue
and skeletal muscle [6—10]. TNP produces mechanical
stress and a pressure gradient across the tissue, which
cause a surge of blood to the area. Mechanical forces and
increased blood flow are known to stimulate granulation
tissue formation, that is endothelial proliferation, capil-
lary budding and angiogenesis [11,12].

A pressure drop has been seen in skeletal muscle and
subcutaneous tissue after 5-7 min of continuous pressure

1558-2027 © 2008 ltalian Federation of Cardiology

microvascular blood flow in the underlying myocardium:
from 56.2 = 13.1 perfusion units (PU) before to

132.8 = 7.4 PU during countinuous topical negative
pressure application (xP<0.05) and from 75.8 +12.1 PU
before to 153.6 4.7 PU during intermittent topical negative
pressure application (xP<0.05).

Conclusion No statistically significant difference was found
between microvascular blood flow during 20 min of
continuous and intermittent topical negative pressure at
—50 mmHg in this porcine model. J Cardiovasc Med
9:000-000 © 2008 ltalian Federation of Cardiology.
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therapy [6]. When pressure was applied for 5min fol-
lowed by 2 min without pressure, a lower mean blood flow
was seen during the period of therapy than when applying
continuous pressure. After 2 weeks of TNP, the for-
mation of granulation tissue in the tissue exposed to
intermittent therapy was, however, found to be twice
as high as in the tissue exposed to continuous pressure

[6].

We have previously shown that applying a TNP of
—50mmHg over the left anterior descending artery
(LLAD) region induces a significant increase in microvas-
cular blood flow in normal, ischemic and reperfused
myocardium [13]. We have also demonstrated that among
TNP pressure levels between —50 and —150 mmHg
only, =50 mmHg results in a significant increase in myo-
cardial microvascular blood flow [14]. The present
study was designed to compare the microvascular blood
flow in ischemic myocardium during continuous and
intermittent application of a TNP of —50 mmHg. The



AQI

2 Journal of Cardiovascular Medicine 2008, Vol 9 No ??

microvascular blood flow was measured in a porcine
model using laser Doppler velocimetry. T'o our knowl-
edge, no such study has been performed previously.

Materials and methods

Experimental animals

A porcine model was used in the present study. Six
domestic landrace pigs of both sexes, 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. 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 was published
by the National Academies Press (1996).

Anesthesia

All animals were premedicated intramuscularly with
ketamine (30 mg/kg) before they were brought into
the laboratory. Before commencing surgery, sodium thio-
pental (5 mg/kg), atropine (0.02 mg/kg) and pancuronium
(0.5 mg/kg) were given intravenously. Tracheotomy was
performed with a Portex endotracheal tube (7.5mm
internal diameter, Medcompare, South San Francisco,
California, USA). A servo-ventilator (Siemens Elema
300A, Stockholm, Sweden) was used for mechanical
ventilation throughout the experiment. The ventilator
settings used were as follows: minute volume = 100 ml/
kg, FiO, = 0.5, breathing frequency = 16 breaths/min and
positive end expiratory pressure =5cmH,0.

Anesthesia and muscular paralysis were maintained with a
continuous intravenous infusion of 8—10 mg/kg/h propofol
(Diprivan; AstraZeneca, Molndal, Sweden), 0.15 mg/kg/h
fentanyl (Leptanal; Lilly, Suresnes, France) and 0.6 mg/
kg/h pancuronium (Pavulon; Organon Teknika, Boxtel,
the Netherlands).

Data acquisition

Mean arterial pressure, central venous pressure, heart
frequency and ventilatory parameters were recorded
throughout the experiments.

Surgical procedure

Surgery was performed through median sternotomy.
After heparinization (4001U/kg), a cardiopulmonary
bypass (CPB) was installed with an arterial cannula
[22 French, DLP elongated one-piece arterial cannula
(EOPA); Medtronic Inc., Minneapolis, Missouri, USA]
in the distal ascending aorta, and a venous cannula
(32 French, MC2 two-stage venous cannula, also from
Medtronic Inc.) was inserted through the right atrium.
Before cannulation of the heart, the cannulac were
inserted through the thoracic wall to prevent air leakage
during TNP application. CPB was conducted in nor-
mothermia. Ventricular fibrillation was subsequently
induced in the heart. No aortic cross-clamping was per-

formed and no cardioplegia was employed. The mean
arterial pressure was maintained between 60 and
80 mmHg. A left ventricular vent (DLP Vent, also from
Medtronic Inc.) was used to protect the left chamber from
overloading. Pulmonary ventilation was applied at a rate
of 41/min during the experiments.

A CPB was used to facilitate the measurements of micro-
vascular blood flow using laser Doppler velocimetry.
Fibrillation of the heart minimizes the movement arti-
facts, whereas the physiological conditions are, to a large
extent, conserved. Moreover, CPB prevents the risk of
circulatory failure during LLAD occlusion, thereby facil-
itating experimental analysis in the case of the ischemic
myocardium.

Microvascular blood flow was measured using a I'ranso-
nic Laser Doppler Monitor, Model BLF21 (T'ransonic
Systems, Maastricht, the Netherlands) and a Peri Flux
System 5000 (Perimed, Stockholm, Sweden), by employ-
ing a technique that quantifies the sum of the motion of
the red blood cells in a specific volume. This method is
extensively applied in plastic surgery procedures and
employs a fiberoptic probe carrying a beam of light. Light
impinging on cells in motion undergoes a change in
wavelength (Doppler shift) whereas light impinging on
static objects remains unchanged. The magnitude and
frequency distributions of the changes are directly related
to the number and velocity of red blood cells. The
information is collected by a returning fiber, converted
into an electronic signal and analyzed [15].

Laser Doppler probes were inserted horizontally into the
heart muscle 6-8 mm lateral of the LAD at depths of
approximately 5—-6 mm. All probes were carefully fixed to
the surface of the heart with a suture (Prolene 7-0;
Ethicon Inc., Somerville, New Jersey, USA), thereby
preventing probe movement. After the experiments,
the heart was dissected and the probe location was
confirmed. A round hole, 5¢m in diameter, was made
in the middle of a Phrenic Nerve Pad (Medtronic Inc.)
and placed on top of the heart. The pad was stabilized
by 8—10 sutures to the surrounding myocardium (Prolene
5-0; Ethicon Inc.) and by sutures to the posterior sternal
edges (Dermalon 2-0; Davis and Geck, St. Louis, New
Jersey, USA). A retractor was used throughout the exper-
iments to keep the sternal edges apart. A polyurethane
foam dressing with an open pore structure of 400—600 pum
(KCI, Copenhagen, Denmark) was placed between the
sternal edges. The foam was continuously sutured to
the surrounding skin (Dermalon 2-0; Davis and Geck).
The wound was sealed with a transparent adhesive drape.
A Track Pad (KCI) was inserted through the drape and
was connected to a vacuum pump (V.A.C. pump unit,
KCI). When the negative pressure is applied, the heart
will be drawn up towards the phrenic nerve pad and the
foam without interfering with the sternal edges. This



procedure causes the application of negative pressure to
affect only the myocardium exposed by the 5cm
diameter hole.

Experimental protocol

Two series of measurements were made in the same
animal with a rest period of 20 min between the two
measurements. The microvascular blood flow was meas-
ured continuously by the laser Doppler filament probes.
The LAD was occluded for 20 min with an elastic vessel
loop. Recordings were made in ischemic myocardium,
before negative pressure was applied and every minute
for 20 min during the continuous application of a negative
pressure of —50 mmHg.

Recordings were also made in ischemic myocardium,
before negative pressure was applied and after every
minute for 20min during the intermittent application
of a pressure of —50 mmHg 5min followed by 2min
without pressure. The order of the measurements was
reversed in alternate animals to minimize any possible
carry-over effect.

Statistical analysis

Laser Doppler velocimetry measurements were per-
formed on six pigs. The output was continuously
recorded using PeriSoft software (Perimed, Stockholm,
Sweden). The microvascular blood flow was expressed
in terms of perfusion units (PU). Calculations and stat-
istical analysis were performed using GraphPad 4.0 soft-
ware (GraphPad Software Inc., San Diego, California,
USA). Significance was defined as “P value of less than
0.05 and P value of more than 0.05 (not significant using
repeated measures ANOVA with Dunnett’s post-hoc
test. Paired Student’s 7-test was used to compare micro-
vascular blood flow changes between the first and 18th
minute of TNP in the two kinds of pressure application.
Paired Student’s 7-test was also used to compare the two
kinds of pressure application, continuous and intermit-
tent TNP. Values are presented as mean = SEM.

Results

Continuous topical negative pressure

Measurements were made before TNP of —50 mmHg
was applied and after every minute of TNP application
for a total duration of 20 min. The mean values and SEM
for each measurement are given below. Before TNP
was applied, mean microvascular blood flow was
56.2£13.1PU, and after I min of TNP application

151.84+44.6PU, after 2min of 'TNP application
157.5+38.1PU, after 3min of 'TNP application
160.8 £38.3PU, after 4min of TNP application
155.3£34.3PU, after 5min of 'TNP application
126.0 £32.2PU, after 6min of 'TNP application
139.2+£28.4PU, after 7min of TNP application
132.5+26.4PU, after 8min of TNP application
119.24+29.4PU, after 9min of TNP application
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143.0 £ 38.3PU, after 10min of TNP application
131.24+40.8PU, after 11min of TNP application
124.8+40.5PU, after 12min of 'TNP application
114.3 £34.4PU, after 13min of 'TNP application
123.24+28.8PU, after 14min of TNP application
121.8 £37.2PU, after 15min of TNP application
125.5+36.4PU, after 16min of TNP application
137.5+45.7PU, after 17min of 'TNP application
128.84+34.5PU, after 18min of TNP application
121.3+£34.2PU, after 19min of 'TNP application

121.7 £ 29.0PU; and finally after 20 min of 'TNP appli-
cation, the mean microvascular blood flow was
120.5+27.8PU (Fig. 1).

In summary, application of a TNP of —50mmHg
for 20 min induced a significant increase in total mean
microvascular blood flow (56.2+13.1PU before TNP
application to 132.8+£7.4PU during TNP application;
“P <0.05) (Figs 1 and 2). The increase in microvascular
blood flow did not change over time, when com-
paring 1 and 18min of continuous TNP application
(151.8 £44.6 PU after 1 min and 121.3 £34.2PU after
18 min of 'TNP; “P > 0.05).

Intermittent topical negative pressure

Intermittent TNP of —50 mmHg was applied, with 5 min
on periods followed by 2min off periods for a total
duration of 20 min. Measurements were made before
TNP was applied and after every minute of TNP appli-
cation (both on and off periods of TNP included). The
mean values and SEM for each measurement are given
below. Before TNP was applied, mean microvascular
blood flow was 75.8+12.1 PU, and after 1 min of TNP
application 166.7 = 14.0PU, after 2min of TNP appli-
cation 151.7 £17.3PU, after 3min of TNP application
177.0+£27.9PU, after 4min of TNP application
170.3+£19.3PU, after 5min of TNP application
173.8+£19.7PU, after 6 min 89.2+9.2PU (off period),
after 7min 85.8 +£ 9.9 PU (off period), after 8 min of TNP
application 157.5+19.2PU, after 9min of TNP appli-
cation 158.8 £ 18.3 PU, after 10 min of 'T'NP application

158.04+11.4PU, after 11min of TNP application
150.0£15.2PU, after 12min of 'I'NP application
177.0+£19.6PU, after 13 min 113.7+£15.5PU

(off period), after 14 min 11.7 £+ 17.1 PU (off period), after
15 min of T'NP application 146.7 +21.2 PU, after 16 min
of TNP application 175.8 £ 22.8 PU, after 17 min of TNP
application 186.5 +20.3 PU, after 18 min of TNP appli-
cation 177.5£20.1 PU, after 19 min of TNP application
211.7 £22.6 PU; and after 20 min of TNP application, the
mean microvascular blood flow was 132.54+12.0PU
(Fig. 1).

In summary, intermittent TNP (5 min on, 2 min off) of
—50mmHg for 20 min induced a significant increase in
total mean microvascular blood flow [75.8+12.1PU
before TNP application to 153.6 4.7 PU during TNP
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Microvascular blood flow (measured using laser Doppler velocimetry) in ischemic myocardium continuously exposed to a topical negative pressure of
—50 mmHg for 20 min (left panel) and intermittently exposed, 5 min with TNP followed by 2 min without, for 20 min (right panel). The measurements
were performed in six pigs at a depth at 5—6 mm in the myocardium. The error bars shown 1 SEM. PU, perfusion units.

application (both on and off periods included); *P < 0.05]
(Figs 1 and 2). The increase in microvascular blood
flow did not change over time, when comparing 1 and
18 min of intermittent TNP application (166.7 + 14.0 PU
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Microvascular blood flow (measured using laser Doppler velocimetry) in
ischemic myocardium exposed to topical negative pressures of
—50mmHg continuously during a time period of 20 min, and cyclic
pressure of 5 min with —50 mmHg followed by 2 min of 0 mmHg, during
a time period of 20 min. The measurements were performed in six pigs
at a depth at 5—6 mm in the myocardium. The differences between
baseline values and blood flow during TNP were significant for both
modes of pressure application. Mean value = SEM from six pigs is
shown. “P<0.05.

after 1min and 177.54+20.1 PU after 18 min of TNP;
*P>0.05).

Intermittent topical negative pressure versus
continuous topical negative pressure

Blood flow was stimulated to similar degrees by continu-
ous and intermittent TNP. The increase in microvascular
blood flow during continuous TNP was 3473 £1536%
PU and the increase during intermittent TNP was
2579+778% PU (the mean of on and off periods)
(*P>0.05). The increase is expressed as the per-
centage additive effect during the 20-min period studied
(Figs 1 and 2).

Discussion

Poststernotomy mediastinitis is a serious and potentially
life-threatening complication, with a high mortality rate
and substantial morbidity. It is also a strong predictor of
poor long-term survival after coronary artery by-pass
surgery (CABG) [16-21]. In a large study including
36078 patients, Braxton ez a/. [19] demonstrated that
actuarial survival 10 years after CABG was 39% in
patients with mediastinitis and 70% in patients without
mediastinitis. Milano ez a/. [18] have suggested that
mediastinitis may cause negative long-term effects on
several organs such as the heart and kidneys. Theoreti-
cally, a massive immunological response during a pro-
longed period of infection may cause adverse effects on
bypass grafts. In the above-mentioned studies reporting
poor long-term survival after mediastinitis, several con-
ventional wound-healing techniques were used (closed
irrigation, delayed wound closure or reconstruction with
omentum or pectoral flaps). A recently published study



[5] by our group showed no difference in long-term
survival between CABG patients with TNP-treated med-
iastinitis and those without mediastinitis. The reason for
this remains unclear, but it may be that as the TNP is in
direct contact with the heart, which is exposed through
the diastase of the sternotomy, these patients may have
developed increased collateral coronary blood vessels
during TNP, and may therefore be better prepared when
bypass grafts fail to work. This may, in part, explain the
reduced long-term mortality.

The physiological, cellular and molecular mechanisms by
which TNP accelerates wound healing are still not
known in detail. Nevertheless, the known effects of
I'NP are enhanced blood flow to the wound edges and
granulation tissue formation [6,7]. TNP increases blood
flow and opens up the capillary beds. The mechanical
force exerted by T'NP and increased blood flow affect the
cytoskeleton in the vascular cells, stimulating endothelial
proliferation, capillary budding and angiogenesis, that is
granulation tissue formation [8,9,22]. Intermittent appli-
cation of subatmospheric pressure (5min of pressure,
followed by 2 min without) seems to alter the cytoske-
leton of the cells in the wound bed, triggering a cascade of
intracellular signals that increases the rate of cell division
and subsequent formation of granulation tissue, and thus
angiogenesis [6].

Morykwas ¢z al. [6] compared the continuous and inter-
mittent pressure therapy modes (5 min on and 2 min off)
in subcutaneous and muscular tissue and found that
continuous application of TNP of —125 mmHg resulted
inan average increase in new granulation tissue formation
of approximately 60%, whereas intermittent application
of TNP at the same pressure resulted in an average
increase of approximately 100%, compared with the
control, after 2 weeks of TNP. They also found that
microvascular blood flow increased to four times the
baseline value when a TNP of —125 mmHg was applied,
whereas it was reduced at negative pressures of
400 mmHg and greater. During continuous 'T'NP, they
observed a decrease in perfusion after 5-7 min. After
an initial increase in perfusion, the increased microvas-
cular blood flow decreased permanently to the baseline
value or below. The tissue type and distance from the
wound edge were, however, not considered in the above-
mentioned study.

Wackenfors ¢z a/. [23] demonstrated that TNP elicits an
increase in microvascular blood flow a few centimeters
from the wound edge. The peak increase in blood flow
was found to occur closer to the wound edge in muscular
than in subcutaneous tissue. In the immediate proximity
of the wound edge, a zone of relative hypoperfusion was
observed. This zone was larger at high negative pressures
and was especially prominent in subcutaneous tissue.
The extent of the hypoperfusion zone in subcutaneous
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and muscular tissue appeared to depend on the amount
of pressure applied, the distance from the vacuum source
and the density of the tissue [23]. A minimal zone of
hypoperfusion may be beneficial, as it is well known that
hypoxia induces angiogenesis and revascularization of
tissues. On the contrary, long-standing hypoperfusion
may cause ischemia. To balance these effects, a negative
pressure that does not cause a large ischemic zone may
be preferable.

In a previous report, we applied a TNP of =50 mmHg
over the LAD region on six pigs and were able to show a
significant increase in microvascular blood flow in normal
myocardium (nonischemic myocardium), in ischemic
myocardium after 20 min of LAD occlusion and also in
reperfused myocardium (former ischemic myocardium
after 20 min of reperfusion). The increase in microvas-
cular blood flow appeared immediately as the pressure of
—50 mmHg was applied. Measurements were made after
steady state, which was approximately 10-30s of TNP
application. The negative pressure was then removed in
all three experiments [13]. We have also demonstrated
that among 'I'NP pressure levels between —50 and
—150mmHg only, =50 mmHg results in a significant
increase in myocardial microvascular blood flow [14].
In the present study, we have shown that both continuous
myocardial TNP and intermittent TNP of —50 mmHg
for 20 min result in a significant increase in myocardial
microvascular blood flow (Fig. 1). During intermittent
TNP, the mean microvascular blood flow had a tendency
to increase during the experiment; however, this increase
was not significant. During the 2min without pres-
sure, the microvascular blood flow returned almost to
the baseline value in the first cycle, but seemed to return
to ever-increasing pressure levels above baseline as the
experiment proceeded. This increase was, however, not
significant. When comparing continuous and intermittent
myocardial TNP, no significant difference in microvas-
cular blood flow was observed. The increase in micro-
vascular blood flow is greater during the first 5min of
I'NP application in both settings, as seen in Fig. 1. The
results are not fully understood but might be explained
by a massive opening of the capillary beds during the first
few minutes of the application of TNP, which might
explain the higher blood flow during this phase. More-
over, the increase in microvascular blood flow during the
first 5min showed no statistically significant difference
from the increase in microvascular blood flow during last
5 min and might therefore be analyzed with caution. The
hypothesis could not be deduced by the results in the
present study.

Patients with refractory angina pectoris represent a diffi-
cult problem due to the absence of a proven effective
treatment. Many different therapies have been tried,
such as percutaneous myocardial laser revascularization
[24] and enhanced external counter-pulsation [25], with
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varying results. Spinal cord stimulation has been used in
an attempt to ease their ischemic pain, also with unsa-
tisfactory results [26]. Therapeutic angiogenesis, wherein
exogenous growth factors are administered to ischemic
tissue to enhance collateral vessel formation, revasculari-
zation and reperfusion, has been investigated as a poten-
tial means of treating patients with refractory angina
pectoris. Laboratory results have been promising, but
clinical studies have not shown satisfactory results. Vas-
cular endothelial growth factor (VEGF) proteins have
been shown to play a key role in the modulation of
angiogenesis and vascular growth [27,28]. Interestingly,
TNP produces a mechanical shear stress that is known to
activate endogenous VEGF [29-33].

No-reflow sometimes occurs when using percutaneous
coronary intervention (PCI) to treat cases of acute
ST-elevation myocardial infarction. The treatment of
established no-reflow is mainly pharmacological, as the
obstruction occurs at the microvasculature level. Com-
pared with patients in whom no-reflow is transient, refrac-
tory no-reflow is associated with a markedly increased
risk of 30-day mortality [34,35]. T'o apply T'NP at those
areas in the acute phase, with for example a transthoracic
device, might be useful for those patients. The method
might also, in the future, serve as an alternative treatment
for patients with extensive coronary artery disease,
as VEGF proteins, that are also stimulated by TNP
[29-33], have been shown to play a key role in the
modulation of angiogenesis and vascular growth [27,28].
Of course, a treatment period over 2—3 weeks would be
needed concerning neo-revascularization.

In conclusion, both continuous and intermittent TNP of
—50 mmHg for 20 min significantly increase microvascu-
lar blood flow in the underlying myocardium. No signifi-
cant difference in the increase in microvascular blood
flow was observed between the two kinds of pressure
application. Results from studies carried out by others,
however, indicate that intermittent TNP probably causes
a greater increase in granulation tissue formation than
continuous T'NP, during long-term use.
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