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Abstract

Abstract

Introduction: Studies in healthy volunteers have demonstrated that peroneal nerve
stimulation augments blood flow. The studies described within this thesis aimed to
establish whether use of the geko™ neuromuscular stimulation device was effective
and augments arterial venous and microcirculatory flow in patients with lower limb
arterial and venous disease. The fibrinolytic and angiogenic activity of electrical

stimulation within this cohort was also examined.

Methods:

Ethical approval was obtained for all aspects of the described studies. Participants
with claudication, varicose veins or post- operative infrainguinal bypass grafts were
assigned to receive either unilateral active stimulation or sham.

Duplex assessments of arterial and venous volume flow were performed at baseline
and following stimulation. Laser Doppler flowmetry measurements of
microcirculatory flow were made continuously throughout the study period. ELISA
analysis was undertaken of plasma samples drawn at baseline and following
stimulation to determine the effect on vascular endothelial growth factor(VEGF),
tissue plasminogen activator(t-PA) and plasminogen activator inhibitor 1(PAI-1).

Results:

The geko™ device was effective at producing visible muscle contraction in only 59%
patients tested due to a combination of oedema and neuropathy.

77 participants were recruited in total to either a proof of concept study or the initial
phase of a randomised trial: 30 claudicants (25 active, 5 control), 25 post infra-
inguinal bypass (19 active, 6 control) and 22 varicose veins (17 active, 5 control).
Arterial volume flow increased significantly in all patient groups receiving active
stimulation: claudicants 60 ml/ min(P<0.001); infra-inguinal bypass grafts
70ml/min(P<0.001) and varicose veins 80 ml/min(P<0.001).

Venous volume flow significantly increased in all patient groups: claudicants 30
ml/min(P=0.001); infra-inguinal bypass grafts 30 ml/min(P=0.004) and varicose
veins 80 ml/min(P<0.001).



Microcirculatory flow increased in all patient groups: claudicants 22.2 flux
units(P<0.001); infra-inguinal bypass grafts 21.8 flux units(P<0.001) and varicose
veins 28.4 flux units(P<0.001).

ELISA analysis demonstrated no statistically significant change in VEGF or t-PA
antigen levels when comparing the active with the passive and control limbs.
Peroneal nerve stimulation in the active limbs resulted in a significant decrease in
PAI-1 of 34 ng/ml(P<0.001).

Conclusion: Transcutaneous peroneal nerve stimulation with the geko™ device is
potentially beneficial in patients with lower limb arterial and venous disease. This is

primarily due to its ability to augment venous, arterial and microcirculatory flow. The

results of this study were influential in the NICE guidance approving its use in
vascular patients as a means of DVT prophylaxis.
The enhanced fibrinolytic effect, by decreasing levels of PAI-1, warrants further

investigation.
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Chapter One: Introduction

This thesis will examine the effects of peroneal nerve stimulation (PNS) on
the peripheral vascular system. To explain the modulating effects of PNS, the
research measurements and potential clinical benefits of its use, we first
need to consider the physiology and pathophysiology of the cardiovascular
system.

1.1 The circulatory system

The mammalian circulatory system is a closed loop transport system
beginning and ending at the heart and comprises a system of muscles and
vessels. Its functions include the delivery of nutrients and oxygen to the
tissues, transfer of waste products of metabolism to the excretory organs,
thermoregulation, contributing to the immune system as well as transport of
hormones, electrolytes etc. The heart functions as the central muscular pump
which drives the circulatory system. The action of the heart is divided into two
phases termed systole and diastole. In systole the ventricles contract
increasing the left ventricular pressure to approximately 120mmHg, resulting
in the opening of the aortic valve and blood is expelled into the aorta. The
aortic valve then closes and the ventricles relax, termed diastole, resulting in
a reduction in the pressure, although this does not drop to 0 due to elastic
recoil in the vessels. The difference between the systolic and diastolic
pressure is referred to as the pulse pressure.

The blood passes through the arteries which divide and subdivide into
smaller and smaller arteries and finally arterioles. These lead to the dense
network of capillaries which supply the tissues and are the site of gaseous
exchange. At the end of the capillary networks the vessels begin to converge

and form venules which in turn merge to form veins.



Figure 1: Cross sectional area and mean velocity of systemic blood vessels(1)
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The blood is returned to the right atrium of the heart in the inferior and
superior venae cavae. Relaxation of the tricuspid valve allows passage of
blood into the right ventricle. When this contracts, during systole, blood is

driven through the pulmonary valve into the pulmonary circulation.

1.1.1 Cardiac performance

The function of the heart is to generate a sufficiently high arterial blood

pressure to ensure adequate perfusion of the end organs.

Blood pressure = cardiac output (CO) x systemic vascular resistance (SVR)

Vascular resistance to blood flow is controlled by the arterioles. Vasodilation
reduces the peripheral resistance returning more blood to the venous
circulation i.e. venous return, which in turn reduces after load. This results in



an increase in cardiac output. Conversely an increase in peripheral
resistance retains blood in the arterial circulation, reducing venous return and
hence increasing after load. Cardiac output is therefore decreased.

Cardiac output (CO) = Heart rate (HR) x Stroke volume (SV)

Heart rate is controlled by the actions of the sinoatrial node. This has an
intrinsic firing rate of between 100 and 115 beats per minute which is
modified by neuro-hormonal factors. The actions of the vagus nerve
decrease this intrinsic rate, whilst an increase is caused by decreased vagal
tone and increased sympathetic nerve activity. Changes in body temperature,
levels of catecholamines and circulating thyroxine also impact upon heart

rate.

The stroke volume refers to the volume of blood expelled by the heart per
contraction. It is determined by:

1. Preload: This is the length of the muscle fibres prior to contraction and
is dependent on the end diastolic volume or degree of ventricular
filling. It is related to the pressure in the right atrium or central venous
pressure and is determined by venous return

2. After load: This refers to the arterial pressure against which the heart
muscles must contract. As such the after load of the right ventricle is
related to the pressure in the pulmonary artery and the after load of
the left ventricle is related to aortic pressure.

3. Contractility: This refers to the ability of the heart muscle to eject a

stroke volume at a given preload and after load.

The Frank-Starling law of the heart or Maestrini heart law(2), states that the
stroke volume of the heart is increased by increasing the preload (end
diastolic volume). This is due to the increased load stretching the cardiac
muscle fibres which increases the binding of calcium to troponin C and as

such increases the number of actin myosin bonds which form.



1.1.2 Structure of vessels

The structure of arteries and veins is generally similar with the walls
comprising three concentric layers. The tunica adventitia is the strong
outermost layer of both veins and arteries. It comprises connective tissue,
collagen and elastin as well as nerves which supply the vessel and its
nutrient vessels.

The tunica media is the middle, thickest layer and contains a circular
arrangement of elastin, connective tissue and patrticularly in arteries, vascular
smooth muscle, which is responsible for the calibre of the vessel.

The tunica intima is the thinnest layer and in arteries this layer is composed
of an internal elastic membrane lining and a single layer of smooth
endothelial cells. The difference between veins and arteries is that veins do
not contain the elastic membrane lining and in some veins the tunica intima is

folded back on itself to form valves.

Figure 2: Structure of vessel walls (reproduced with permission of BiologyonlineUS(3)
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1.1.3 Function of vessels

Arteries are responsible for carrying blood away from the heart; they can be
subdivided into the pulmonary arteries which are responsible for carrying
deoxygenated blood from the heart to the lungs and the systemic arteries,
responsible of carrying oxygenated blood from the heart to the body. The
systemic arteries can be further subdivided into the elastic conducting and



muscular distributing arteries. The elastic arteries are located close to the
heart, they are thick walled, with a large lumen and accommodate changes in
blood pressure. The muscular arteries are found distal to the elastic arteries
and are responsible for delivering blood to specific tissues and organs. They
have a thick media wall which contains smooth muscle.

Arterioles interconnect arteries and capillaries and are responsible for the
regulation of flow through constriction and dilatation under the control of the
sympathetic nervous system and local tissue factors. Arteriole walls are
predominantly comprised of smooth muscle.

Capillaries are narrow vessels with thin walls and form networks in most
organs and tissues. The walls are only one cell thick, comprising of the tunica
intima only, permitting the diffusion of nutrients and oxygen into tissues and
the diffusion of waste products out into the blood. They interconnect
arterioles and venules. The pressure within the capillaries ranges from
around 25mmHg at the arterial end to 15mmHg at the venous end

Venules are small vessels which interconnect capillaries and veins. Their
walls comprise little muscle and a thin externa. By constricting they can
increase resistance and impact upon the transport of fluid and substances
between the tissues and blood.

Veins transmit blood back to the heart. They have larger lumens and thinner
walls containing less muscle than arteries. As a result they are very
distensible and typically contain up to 70% of the circulating blood. By
constricting they can return large volumes of blood to the heart and arteries
and as such increase cardiac output. This enables control of blood pressure
in the instance of blood loss or haemorrhage. Folds of interna form valves

which prevent the back flow of blood.



Figure 3: Venous valve function(adapted from BiologyonlineUS(3)
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1.1.4 The endothelium

The endothelium is a monolayer of endothelial cells which lines all vessels,
lymphatics and the heart. It is an important regulator of a variety of
physiological functions required for normal functioning of blood vessels.

1.1.4.1 Haemostasis

The endothelium provides a non-thrombogenic surface to the circulating
platelets. The release of prostacyclin and nitric oxide by the endothelium
inhibits platelet activation. Aggregation of platelets is inhibited by the
expression of ecto-adenosine diphosphatase which breaks down adenosine
diphosphate(4).

The endothelial surface contains heparin sulphate which acts as a cofactor in
the activation of antithrombin IIl. This forms complexes with coagulation
factors (excepting factor VII) inactivating them. The activity of protein C is
enhanced by the presence of thrombomodulin on the endothelial surface
which acts as a site for the binding of thrombin(5).

Several anticoagulant factors are secreted by the normal endothelium
including tissue plasminogen activator which activates the fibrinolytic
pathway, proteoglycans and protein S.



Conversely the endothelium also has a role in preventing blood loss through
the production of pro-coagulant factors e.g. Tissue factor, von Willebrand’s

factor, fibronectin and type IV collagen(6).

Table 1: Regulation of coagulation by the endothelium: adapted from Shireman and Pearce(6)

Procoagulant Anticoagulant
Thromboxane Prostacyclin
Von Willebrand’s factor Protein C
Interleukin-1 Protein S
Platelet-activating factor Thrombomodulin
Phospholipids Heparan sulphate
Tissue factor Tissue factor pathway inhibitor
Plasminogen activator inhibitor type | Urokinase

Tissue type plasminogen activator

1.1.4.2 Barrier function

The endothelium is semi-permeable barrier to the passage of molecules and
fluid between the blood and interstitial fluid. The majority of dissolved gases,
solutes etc. are small molecules which pass through the endothelium by
passive diffusion, down the concentration gradient. The vessel wall restricts
the passage of high molecular weight substances as these are not so readily
used by the tissues and contribute to intravascular volume. Certain plasma
proteins such as albumin, permeate the vascular wall and act as transport
molecules for substances such as hormones and fatty acids which are
hydrophobic. The degree of differentiation of the endothelial cells is related to
which organ the vessels are supplying. Those in the glomerulus of the kidney
and at the blood brain barrier have adapted to perform special filtering
functions(7).

Disruption of the endothelium leads to an increase in its permeability to

plasma proteins and therefore can result in oedema.



1.1.4.3 Vascular tone

The endothelium plays an important role in the control of vascular tone
through both its response to circulating mediators such as bradykinin and
thrombin as well as the production and release of vasoactive substances.
Furchgott and Zawadski(8) first demonstrated the existence of nitric oxide
(NO) and its vasodilatory effects. The action of endothelial nitric oxide
synthase on L-arginine leads to the generation of NO which diffuses to the
vascular smooth muscle cells. NO activates guanylate cyclase resulting in an
accumulation of cGMP and increased calcium uptake by the smooth
endoplasmic reticulum and as such vasodilation.

In normal physiological environments the release of NO is activated by
changes in shear stress to ensure that organ perfusion remains relatively
constant, despite changes in cardiac output. The generation of nitric oxide
can also be mediated by bradykinin, adenosine, vascular endothelial growth
factor (released in response to hypoxia) and serotonin(9).

Figure 4: The vasodilatory role of nitric oxide
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1.1.5 Lower limb arterial tree

The femoral artery is a direct continuation of the external iliac artery. The
external iliac becomes the common femoral artery when it passes beneath
the inguinal ligament and enters the femoral triangle. Within the femoral
triangle, the common femoral artery bifurcates into the profunda femoris
(deep femoral) and the superficial femoral arteries. The profunda supplies the
head and neck of the femur and several muscles of the posterior, medial and
lateral thigh.

The superficial femoral artery continues down the anterior surface of the
thigh via the adductor canal, supplying the anterior thigh muscles. It exits the
adductor canal through the adductor hiatus and travels posteriorly becoming
the popliteal artery.

The popliteal artery gives off several genicular branches which supply the
knee. At the inferior border of the popliteus muscle it terminates by dividing
into the anterior tibial artery and tibioperoneal trunk.

The anterior tibial artery passes anteriorly, above the interosseus membrane
between the tibia and fibula. It descends down the anterior compartment of
the leg supplying all the muscles in the compartment and onto the dorsum of
the foot, where it becomes the dorsalis pedis artery.

The tibioperoneal truck quickly divides into the posterior tibial artery, which
remains on the postero-medial aspect of the leg and the peroneal artery
which supplies the postero- lateral side of the leg. The posterior tibial
continues distally and passes posterior to the medial malleolus before
dividing into the lateral plantar artery, which forms the plantar arch, and the

medial plantar artery.



Figure 5: Arterial supply of the lower limb- reproduced with permission:
http://vascularultrasound.net/wp-content/uploads/2010/08/leg-arteries3.jpg

Popliteal

1.2 Haemostasis

The term haemostasis is derived from the Greek heme, blood and stasis,
halt. It refers to a complex series of reactions which take place to stop blood
flow. Haemostasis depends on the interplay of the vascular system, through
vasoconstriction, coagulation factors, platelets and the fibrinolytic system.
The process is divided into two phases: primary and secondary haemostasis.

1.2.1 Primary haemostasis

Primary haemostasis refers to the mechanism by which a platelet plug forms
at the site of injury and usually occurs within 20 seconds of an injury. Failure
of this pathway typically results in haemorrhage or prolonged bleeding.
Vascular endothelium provides a protective barrier which separates blood
and tissues. It also produces several factors which prevent excessive
haemostasis such as nitric oxide and Prostaglandin I, which inhibit platelet
activation.

Following vascular injury with endothelial disruption the initial response is
vasoconstriction, which reduces blood loss and flow in the vessel to enable
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platelet adhesion. Platelets become anchored to the subendothelium
mediated by von Willebrand factor (vWF) and fibrinogen to varying extents.
Once adhered the platelets are activated through their contact with collagen
by adenosine diphosphate (ADP) and release thromboxane, and platelet
activating factor (PAF). These, in combination with ADP and serotonin,
activate and recruit additional platelets from the blood which bind to the
already adherent platelets through fibrinogen bridges(10).

1.2.2 Secondary haemostasis

Secondary haemostasis refers to the mechanisms responsible for the
stabilisation of the platelet plug and the maintenance of vasoconstriction.
Vasoconstriction is under the control of serotonin, prostaglandin and
thromboxane which are secreted by the activated platelets. Fibrin formation
to stabilise the clot is triggered by the secretion of procoagulant factors from
platelets including fibrinogen, factor V and vWF, by tissue factor (extrinsic
pathway) and contact activation (intrinsic pathway). The fibrin binds the
platelets together and to the vessel(10).
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Figure 6: The clotting cascade
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1.3 Fibrinolysis

The coagulation and fibrinolytic pathways work together, under normal
physiologic conditions, to ensure blood flow whilst preventing blood loss. The
final stage in the coagulation cascade is the conversion of fibrinogen to fibrin.
Plasminogen is cleaved to plasmin, a fibrinolytic protease under the control of
tissue plasminogen activator (t-PA) and urokinase (UPA). A positive feedback
mechanism exists whereby plasmin then initiates the breakdown of t-PA and
uPA. Fibrin self regulates by binding t-PA and plasminogen enhancing the
production of plasmin. Plasmin cleaves fibrin producing soluble degradation
products. The dissolution of fibrin is also controlled by plasminogen activator
inhibitor-1 (PAI-1) and ax-plasmin inhibitor(11).
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Figure 7: Fibrinolytic pathway (adapted from Cesarman-Maus, Haijar 2005(11)
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1.4 Thrombosis

A thrombus is a solid collection of blood constituents which is formed in
flowing blood within a vessel and impedes normal flow. An equilibrium
normally exists between the factors promoting and retarding the coagulation
processes to stop formation of thrombi. Virchow’s triad is used to explain the
patho-physiological mechanisms responsible for the formation of thrombus.
The three responsible features are: (1) Abnormalities in blood flow; (2)
Changes in blood constituents and (3) Changes to the vessel wall.

1.4.1 Changes in flow

Laminar flow describes the normal flow of blood through the circulatory
system and refers to concentric layers of blood moving in parallel down the
blood vessel length. The highest rate of flow is found in the centre of the
vessel where there is lowest resistance. Disruption of laminar flow leads to

turbulence.
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Arterial branches and bifurcations cause changes in the normal flow by
reducing wall shear stress and increasing turbulence (12). Reduced wall
shear stress is associated with reduced nitric oxide production and increased
leukocyte adhesion and as such these points are more susceptible to the
development of atherosclerosis.

The rate of flow through a vessel relates to the force pushing the blood
through i.e. the strength of cardiac contractility and the resistance of the
vessel.

Poisseuille’s Law states that the resistance to flow in a vessel is proportional
to the length of the vessel and the viscosity of the blood and inversely
proportional to the radius of the vessel to the fourth power.

Ral.n

r4

It is therefore easy to see how even small changes in the radius of the vessel
such as with atherosclerotic deposits or stenoses have a significant impact
on the resistance and hence flow in a vessel. Such stenoses precipitate
turbulent flow within the vessel and as such increase the energy required to
drive the flow.

Figure 8: Ultrasound duplex of laminar flow in a healthy vessel
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Figure 9: Ultrasound duplex of turbulent flow secondary to a stenosis
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1.4.2 Changes in blood constituents

Endothelial dysfunction, caused by the risk factors for peripheral arterial
occlusive disease (PAOD), results in increased platelet activation and
aggregation. Fibrinogen levels also increase leading to stabilisation of the
platelet plug and its adherence to the endothelium. It is known to play a major
role in inflammation through the facilitation of leukocyte adherence and the
resultant chemotactic response.

Tissue plasminogen activator is slowly released by the endothelium following
vascular injury promoting fibrinolysis through the conversion of plasminogen
to plasmin. The action of t-PA is usually inhibited by plasminogen activator
inhibitor 1 and 2 however activation of the endothelium results in an
imbalance and the creation of a pro-coagulable state. PAI-1 reduces
fibrinolysis and increases thrombosis.

Endothelial dysfunction and atherosclerosis result in the increase of
inflammatory markers such as IL-6 and CRP. CRP inhibits the release of
nitric oxide by the endothelium and increases PAI-1 production via the action
of cellular adhesion molecules. IL-6 is one of the factors responsible to
activating the endothelial cells and as such leukocyte binding and platelet
production and adhesion. It is also responsible for increased expression of
fibrinogen, factor VIII and vVWF(13).
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1.4.3 Changes to the vessel wall/ arterial function

The risk factors for vascular disease such as smoking, hypertension,
hyperglycaemia etc. play an important role in the initial processes involved in
the formation of atheroma through endothelial injury. The presence of
oxidative stress, risk factors and inflammation result in injury to the
endothelium. This in turn releases less vasodilators such as nitric oxide and
disrupts the normal vascular homeostatic equilibrium. An inflammatory,
prothrombotic state results which promotes atherosclerosis(14).

The process also results in intimal-medial thickening leading to arterial
stiffness(15). In healthy individuals the stiffness of arteries increases the
more distal from the aorta. As such the anterograde pulse wave is reflected
back to the aorta enhancing coronary perfusion. Increased arterial stiffness
leads to faster pulse wave propagation and the retrograde pulse is reflected
back faster and increases systolic blood pressure and reduces coronary
perfusion pressure(14). Arterial stiffness has been shown to be an

independent risk factor for cardiovascular disease(16).

1.5t-PA

Tissue plasminogen activator (t-PA) is predominantly produced by vascular
endothelial cells(17). It is responsible for the conversion of plasminogen to
plasmin and as such the breakdown of fibrin, dissolving clots. As a result it
has therapeutic uses in clinical medicine to treat thromboses and emboli. Its
activity is regulated by fibrin levels. t-PA and its antigen’s levels increase in
the presence of inflammation and antigen levels appears to be correlated to
the levels of inflammatory markers such as C reactive protein and leucocyte
count(18, 19).

t-PA antigen levels are a marker of the formation of t-PA and PAI-1
complexes and is associated with higher incidence of vascular disease(18).
In a study by Smith et al levels of t-PA antigen and leucocyte elastase were
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found to be predictive of myocardial infarction(20). Strong correlations exist
between t-PA antigen levels and PAI-1 activity(21).

1.6 Plasminogen activator inhibitor

Plasminogen activator inhibitor (PAI-1) is a serine protease inhibitor and
under normal physiological conditions is released by liver and smooth muscle
cells, adipocytes and platelets. In the presence of inflammation, tumour cells
and endothelial cells can release large volumes of PAI-1. The inflammatory
mediators Tumour Necrosis Factor (TNF) a and interleukin (IL) 1 increase
tissue factor activity and as such increase thrombin generation which in turn
increases PAI-1 activity(22).

PAI-1 inhibits the activity of both t-PA and urokinase plasminogen activator
(U-PA). Its activity is autoregulated by transforming growth factor g (TGFp)
and is in turn activated by U-PA.

Deficiency of PAI-1 leads to bleeding tendencies, whilst over expression
leads to increased tendencies towards thrombosis. Indeed increased levels
have been shown to be a risk factor for the development of coronary artery
disease, myocardial infarctions and deep vein thrombosis. It can therefore be
seen that PAI-1 plays an important role in thrombotic vascular disease (23,
24). Clot lysis studies have also shown that the vironectin in platelets may
activate PAI-1 and as such PAI-1 may be a factor in the resistance of
thrombi, rich in platelets to thrombolysis(22).

It is believed that insulin, free fatty acids and triacylglycerol may be mediators
for PAI-1 elevation and as such that PAI-1 maybe a link between insulin
resistance and arterial disease. Studies have also shown that weight loss is
associated with a significant reduction in PAI-1 levels(25).
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1.7 Angiogenesis

During development a process mediated by vascular endothelial growth
factor, called vasculogenesis leads to the development of new blood vessels
from angioblasts. The development of new vessels from pre-existing blood
vessels is called angiogenesis and is required for healing and reproduction.
Hypoxia is the primary stimulus for angiogenesis via the release of the
transcription factor, hypoxia-inducible factor (HIF). It induces the expression
of the angiogenic growth factors including vascular endothelial growth factor
(VEGF), platelet derived growth factor (PDGF), angiopoietin and fibroblast
growth factor (FGF)(26). In turn these attract endothelial and inflammatory
cells increasing vascular permeability and cell migration.

The release of endothelial platelet derived growth factor B from endothelial
cells leads to the recruitment of pericytes. They are necessary for the
structural support of the new vessels and promote endothelial survival.
Pericytes aid the directionality of the new vessels and produce VEGF.
Transforming growth factor is responsible for both forming and strengthening
the new vessel wall by promoting the differentiation of the mural cells(27).
The endothelial cells secrete MMPs (matrix metalloproteases) which are
critical for the remodelling of the extracellular matrix (ECM). When the
endothelial cells migrate, in a process called tubulogenesis, from existing
blood vessels towards an angiogenic stimuli such as VEGF, they need to
pass through the ECM(27).

Continuous blood flow must be restored and as such the new vessels
originating from arterioles must anastomose with those originating from

venules.
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Figure 10: Angiogenesis- adapted from Klagsbrun et al(28)
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1.8 VEGF

As early as 1932 it was postulated that a ‘blood vessel growth stimulating
factor’ may exist in tumours(29). Algire et als observation in 1945 that
tumour growth is preceded by a local increase in vascular density only
served to reinforce this theory(30). This led to further work being carried out
to determine the nature and origin of the responsible factor. In 1968 studies
were undertaken which demonstrated that tumour angiogenesis is mediated
by diffusible factors which are released from the tumour cells (31, 32).
Folkman et al (1971) reported how tumours acquire nutrients in both a
prevascular and vascular state and hypothesised that a ‘tumor angiogenesis
factor’ was responsible for this transformation. This led to the proposition that
developing a way to impede angiogenesis could be a strategy for the
treatment of cancer(33). As a result a vast amount of research was carried
out to identify factors responsible for new vessel growth (34). In 1983 a
protein was partially isolated by Senger et al which was shown to induce
vascular leakage and was named “tumour vascular permeability factor”.
Unfortunately at this time total protein isolation was not possible in order to
further establish its mode of action and effect(35). In 1989 Ferrara and

Henzel isolated an endothelial cell specific mitogen which they named
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“vascular endothelial growth factor’(36). Subsequent studies revealed that
“vascular permeability factor” and “vascular endothelial growth factor” were in
fact the same molecule. VEGF includes four isoforms which are named
according to the number of amino acids they contain: VEGF121, VEGF g5,
VEGF1s9 and VEGF2p6. VEGF1gs5 is the most common form but all the
isoforms are mitogenic for endothelial cells and increase vascular
permeability(37).

Some of the earliest evidence that VEGF is an angiogenic factor in vivo and
is associated with blood vessel growth was reported in 1990. Phillips et al
demonstrated that VEGF mRNA is only present in low levels in the avascular
granulose cells in the ovary whilst the highly vascular corpus luteum
displayed up regulation(38). It was also determined that high affinity VEGF
binding sites are selectively expressed in endothelial cells in vivo (39).

This in vivo and in vitro evidence, that the binding sites were found
exclusively in endothelial cells and that the expression of VEGF mRNA is
correlated to blood vessel growth, combined to establish the role of VEGF as
a regulator of angiogenesis. This has since been confirmed by the application
of anti- VEGF antibodies and VEGF inhibitors, which have been shown to
retard growth of human cancer cell lines by inhibiting angiogenesis (40, 41).
It is clear that whilst VEGF has a role in normal physiological angiogenesis it
also has a role in several pathological conditions such as tumour growth,
ischaemia and diabetic ocular disorders.

Whilst produced and secreted by stromal and epithelial tumour cells, platelets
contain large stores, in their a granules, of angiogenic factors including
VEGF (42). It is, as such believed that platelets act as transporter cells for
VEGF.

The potential for VEGF to stimulate therapeutic angiogenesis has also been
the driving force behind much research into VEGF. It has been postulated
that administration of VEGF could increase the vascularity of patients
suffering from vascular insufficiency with resultant limb ischaemia. This
theory was supported by early animal studies which suggest that
administration of VEGF leads to the development of collateral vessels and
functional endothelial recovery (43, 44). More recently VEGF has been
shown to prevent coronary restenosis in pigs, by the ‘prevention of adventitial
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microvessel regression, enhanced adventitial elastin accumulation, reduced
adventitial myofibroblast numbers, and a pronounced adventitial
inflammatory response considered as a part of arterial healing (45). This
suggested that therapeutic VEGF administration may be a treatment option
to prevent re-stenosis following percutaneous angiographic interventions. To
date, however, despite encouraging results from animal studies, high level
evidence in human subjects remains elusive (46).

Some small non- placebo controlled trials in humans, carried out in the
1990’s reported an increase in angiogenesis and improvement of distal blood
flow in patients with limb ischaemia following administration of VEGF (47,
48). However the large, placebo controlled study of 174 patients carried out
by Henry et al failed to show a clinical benefit when VEGF1g5 was
administered into the coronary circulation. This implied that the placebo effect
may be greater than previously thought, even in patients with severe cardiac
dysfunction (49).

It has been hypothesised that the difference seen between animal and
human studies may be that the healthy animals are better ‘able to mount an
effective endogenous angiogenic response that can be maximised by an
additional stimulus..... whereas patients with extensive atherosclerotic
disease may have an impaired response to endogenous and exogenous
factors’(50).

Since then studies have concentrated on a more persistent exposure to
VEGF to establish whether this results in a more prolonged expression of the
new vessels formed and whether administration of other pro- angiogenic
factors in combination with VEGF may be more successful in resulting in
stable vessel formation (51, 52).

Safety concerns do exist that increasing levels of VEGF may result in
vascular malformations, tumour formation, oedema or haemorrhage however

no such effects have been reported in the literature to date.

21



1.8.1 Measuring VEGF levels

As previously stated platelets act as a store for angiogenic factors such as
VEGF. Serum VEGF levels are therefore several times higher than in plasma
due to the release of VEGF during clotting (53). This led to the suggestion
that plasma levels should be measured as standard (54). However the lower
plasma levels of VEGF lie close to the lower limits of ELISA sensitivity and as
such serum VEGF, normalised by platelet count is reported by some to be

the optimal measurement(55, 56).

1.9 Peripheral arterial occlusive disease

1.9.1 Pathophysiology

Peripheral arterial occlusive disease is a progressive disorder resulting from
the accumulation of atherosclerotic plaques in the arterial wall with
associated luminal narrowing/ obliteration. The aorta, visceral and the lower
limb arteries are the most commonly affected. Ischaemia occurs when critical
luminal narrowing results in inadequate perfusion, such that the transport of
nutrients and oxygen and the removal of waste products does not meet the
demands of the tissues.

The development of atherosclerosis occurs in four stages:

The endothelium is responsible for vessel permeability and the diffusion and
active transport of substances in and out of the blood. Endothelial injury can
occur secondary to hypertension, hyperlipidaemia, inflammation and
oxidative stress i.e. the production of superoxide anion radicals seen in
diabetes, hypertension and hyperlipidaemia. This results in increased vessel
permeability, activation of cytokines and recruitment of leucocytes.

The exposure of blood components to the vessel wall, following endothelial
injury result in cell mitosis and transformation. The oxidization process
accelerates this and also results in inflammation, platelet aggregation with

activation of the intrinsic coagulation system and vasoconstriction(57, 58).
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The formation of fatty streaks results when monocytes and leucocytes
adhere to endothelial cells initiating the release of cytokines and other growth
factors. The leucocytes migrate into the intima where the monocytes mature
into macrophages and take up lipid. Smooth muscle cells migrate into the
intima and proliferate resulting in hypertrophy of the vascular wall. Growth
factor expression also induces the deposition of substances such as
collagen, calcium and proteins, leading to the development of atherosclerotic
plaques. These lesions develop into what is termed the advanced lesion,
comprised of endothelial and smooth muscle cells, inflammatory cells and a
lipid core. It is covered by a fibrous cap, which can rupture and stimulate
thrombus formation (57, 58). Atheroma causes reduced vessel wall elasticity
and luminal narrowing/ occlusion reducing the blood supply to the tissues
and organs.

Atherosclerotic plagues can be broadly divided into those which are stable
and those more prone to rupture or fissuring. Stable, asymptomatic plaques
have a higher proportion of smooth muscle cells and extracellular matrix,
whilst unstable plaques have a higher foam cell and macrophage proportion
and a weaker fibrous cap(59). Rupture of a plague exposes thrombogenic
material to the circulation leading to the formation of thrombi, which may
detach and occlude more distal vessels.
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Figure 11: Microscopic cross-section of atheromatous plaque within a coronary artery

(reproduced with permission HYMS)
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1.9.1.2 Arterial stiffness

Several methods exist for measuring or quantifying the degree of arterial
stiffness. Pulse wave velocity (PWYV) between the carotid and femoral artery
is the most commonly utilised because it is simple, accurate and reproducible
(60, 61). PWV is defined as the distance travelled by the wave divided by the
time taken for the wave to travel that distance.
The Moens-Kortweg equation (62) links PWV, strain on the vessel, pulse
pressure and blood density:

PWV = (p x distensibility) 2
where p = blood density and distensibility = the luminal area change over the
local pulse pressure.
As the degree of arterial stiffness increases so too does the PWV.
The presence of points of resistance to flow within the arterial tree i.e.
bifurcations, atherosclerotic plaques or simply increased arterial stiffness
results in part of the wave being reflected back to the heart. Increased PWV
can result in wave reflections which augment systole and may result in
cardiac hypertrophy, failure and thromboses. Reduced PWV conversely
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results in augmentation of diastole and as such improved coronary perfusion
(63).

The augmentation index (Al) is the ratio of aortic pressure and the central
pulse pressure and relates to the degree of wave reflection due to arterial

stiffness. It has been shown to correlate well with PWV(64).

There are several factors which are known to affect pulse wave analysis, i.e.
augmentation index and pulse wave velocity. Arterial walls are known to
become stiffer with increasing age due to loss of elastin and intimal
thickening. Individuals under the age of 20 show Al values of -2 to 5%
increasing to 30-37% in those between 80 and 90 years of age (65). Studies
have also shown that height and Al have an inverse relationship (64).
Changes in heart rate can impact upon Al with one study reporting a 5.6%
decrease in Al with every 10 beat/ minute increase in heart rate (66), thus
medications which reduce heart rate can decrease Al (67).

Intima-medial thickness (IMT) is a recognised marker of atherosclerosis and
increases in IMT are associated with increased PWV (68). Diabetes mellitus
is also known to increase arterial stiffness(69).

Several medications are known to impact on pulse wave analysis and

velocity such as ACE inhibitors and antihypertensives(70, 71).

1.9.2 Epidemiology

Symptomatic peripheral arterial occlusive disease (PAOD) is common
affecting 12-14% of the population. The prevalence increases with age and
affects up to 20% of those over 75 years (72). The prevalence of
asymptomatic PAQOD is at least three times greater than symptomatic forms
(73).

PAOD often co-exists with coronary artery disease and cerebro-vascular
disease. Bhatt et al 2005 demonstrated that 63% of patients with PAOD will
have polyvascular disease(74). Patients with large vessel disease have a
relative risk of 3.1 (95% CI 1.9-4.9) for death from all causes compared to

those with none and 5.9 (95% ClI 3.0- 11.4) for all deaths from cardiovascular
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disease (75). Further studies have also shown that progression of PAOD, as
determined by serial ABPI (ankle brachial pressure indices) is significantly
and independently associated with an increased mortality from
cardiovascular causes (76).

Diseases of the circulatory system are known to be a major cause of
mortality in England and Wales. The 5 year mortality rate is around 30%
versus 10% in aged matched controls, with 75% due to cardiovascular
events (77).

Table 2: Mortality Statistics: Deaths registered in England and Wales (Series DR), 2010

Male Female
Total 237,916 255,326
Neoplasms 74,267 (31.2%) 67,179 (26.3%)
Diseases of circulatory 77,260 (32.5%) 80,824 (31.7%)
system
Diseases of respiratory 31,563 (13.3%) 35,713 (14.0%)
system
Diseases of digestive 12,164 (5.1%) 13,498 (5.3%)
system
Other 42,662 (17.9%) 58,112 (22.6%)

1.9.3 Symptomatology

Patients with peripheral arterial occlusive disease may be asymptomatic. The
most common presenting symptom is intermittent claudication. This refers to
pain felt in the muscles distal to the affected vessels which occurs on
mobilisation or exertion and is alleviated by rest. The distance at which the
symptoms occur is measurable by performing treadmill tests.

In chronic critical limb ischaemia patients may experience numbness or pain
in the forefoot at rest and in particular whilst elevated in bed at night. The
pain may be alleviated by hanging the leg out of bed or standing and
occasionally walking. This can lead to dependant oedema. Tissue loss or
ulceration attributable to arterial occlusive disease is a sign of severe

disease.
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Acute limb ischaemia is a vascular emergency which typically occurs due to
rupture of an atherosclerotic plaque and resultant thrombus formation, or
distal migration (embolisation) from a proximal location such as the heart or

aorta. The clinical presentation is typically characterised by the “6 P’s”: pain,

pallor, pulseless, paralysis, paraesthesia and perishing cold.

1.9.4 Classification of PAOD

The disease can be graded according to the degree of severity utilising either
the Rutherford classification or Fontaine stages. PAOD presents clinically as
intermittent claudication, the severity of which depends upon the site and
extent of the lesion and the efficiency of the collateral circulation (Stages 1-
3). More severe forms of this disease result in critical leg ischaemia which is
defined as rest pain (Stage 4) for more than 2 weeks, or ulceration/ gangrene
(Stages 5-6), and an ankle pressure of <50mmHg or a toe pressure of
<30mmHg(78).

The natural history of intermittent claudication is that the majority of patients
will improve or remain stable, however 7% will undergo infra-inguinal bypass
surgery, 4% major amputation and 16% a worsening of their symptoms(74).
The main risk factors for disease progression include continued smoking,
diabetes and low initial ankle brachial pressure index (79).
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Table 3: Classification of PAOD (80)

Rutherford Fontaine Symptoms Criteria

Classification stage

0 0 Asymptomatic Normal treadmill or
reactive
hyperaemia

1 Mild intermittent claudication  Post exercise AP

>50mmHg but
20mmHg lower
than resting

2 lla Moderate claudication (=200 Between 1 +3
meters)
3 ]e] Severe claudication (< 200 AP post exercise
metres) <50mmHg
4 1] Rest pain Resting AP
<40mmHg or TP
<30mmHg
5 v Ischemic ulceration not Resting AP
exceeding ulcer of the digits  <60mmHg, TP <40
of the foot mmHg
6 Vv Severe ischemic ulcers or Resting AP
frank gangrene <60mmHg, TP <40
mmHg

1.9.5 Risk factors

1.9.5.1 Diabetes

Patients with diabetes are more likely to suffer from PAOD, however the
presence of peripheral neuropathy means sufferers may not present until the
development of a complication, such as an ulcer or gangrene. Both vessel
structure and function are affected by the disease process as the reduced
levels of nitric oxide result in endothelial dysfunction, whilst hyperglycaemia
results in increased apoptosis of vascular smooth muscle cells making the
atherosclerotic plaques more unstable. Hyperglycaemia also causes platelet
dysfunction (81). Calcification of the tunica media, seen most frequently in
the lower limb vessels, is more prevalent in diabetic patients, termed
Monckeberg’s sclerosis, and is associated with poor prognosis. The
calcification causes increased arterial stiffness and increased pulse pressure,

resulting in high ABPI values (82).
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In the UK Prospective Diabetes Study it was determined that 1.2% of newly
diagnosed Type 2 diabetics have PAOD (diagnosed by ABPI <0.8) but the
prevalence increases to 12.5% 18 years following diagnosis(81). The study
also showed a 28% increase in the risk of developing PAOD with each 1%

increase in HbA1c.

1.9.5.2 Smoking

Studies have shown that current smoking doubles the risk of developing
peripheral arterial occlusive disease when compared with non-smokers (81).
Smoking is known to not only increase the risk of PAOD but is also
responsible for earlier onset of symptoms by up to a decade when compared
to non-smokers (58).

Smokers are much more likely to develop severe forms of the disease such
as critical limb ischaemia and as such have a much higher risk of amputation.
Surgical interventions in patients who smoke have lower success rates and a
meta-analysis concluded that continued smoking following infra-inguinal
bypass graft surgery results in a threefold increase in graft failure rate (83). A
study by Shammas et al demonstrated that smoking is an independent risk
factor for the need for urgent interventions to revascularise the lower limbs
following an initially successful treatment (84).

It is thought that smoking increases the atherosclerotic process through its
effects on the structural and elastic properties of the arteries, oxidative stress
and reduced levels of nitric oxide, which is known to cause vasodilation (85).

1.9.5.3 Hypercholesterolaemia/ hyperlipidaemia

Dislipidaemia is known to significantly increase the risk of peripheral arterial
occlusive disease. The prevalence of familial hypercholesterolaemia
increases the prevalence of PAOD from 5 fold to 10 fold in non- sufferers
(74).

1.9.5.4 Hypertension

Hypertension was shown to be a positive risk factor for PAOD in a study
conducted by Selvin and Erlinger in 2004 (OR 1.75, 95% CI 0.97-3.13) (86).
The Rotterdam study demonstrated, on multivariate analysis, that every
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10mmHg increase in systolic blood pressure confers an increased risk of
PAOD (87). Control of hypertension in these patients is also known to result
in a reduction in the incidence of cardiovascular events. As such the
guidelines advocate that persistently elevated blood pressure, >140/90, in

patients with pre-existing cardiovascular disease should be treated(88).

1.9.5.5 Obesity

Metabolic syndrome is the combination of certain risk factors which are
known to increase the risk of cardiovascular, cerebro-vascular and peripheral
vascular disease and diabetes. One of the most important risk factors is
obesity. It is characterised by elevated levels of inflammatory markers such
as C - reactive protein and excessive coagulation due to increased fibrinogen
(89). An increased waist to hip ratio above the median has been shown to
increase the prevalence of PAOD by a factor of two (90). It has also been
shown that the distance at which patients experience claudication symptoms

decreases with increasing body weight(91).

1.9.6 Diagnosis

The clinical diagnosis of peripheral arterial disease severity is known to be
inaccurate. As aforementioned patients may be asymptomatic, however a
detailed history should be taken to establish the presence, or absence of
claudication and the distance at which onset of symptoms occurs.

A full examination of both cardiovascular and peripheral vascular systems
should be undertaken for all patients.

On examination signs of PAOD may be apparent such as ulcers or gangrene.
All pulses must be palpated but the accuracy of this is dependent on the
experience of the examiners as well as the presence of oedema, body
habitus etc.

Buerger’s test is useful for patients with critical ischaemia in the absence of
tissue loss or gangrene. The symptomatic leg is elevated above the heart
and pallor should result, on lowering the leg a ‘sunset red’ appearance will

occur as the capillaries of the foot dilate. In patients where Doppler
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examination is not possible, i.e. patients with ulcers, or will not be helpful i.e.
in patients with incompressible arteries the ischaemic angle can be
calculated. The leg is elevated until the Doppler foot signals disappear and
the level above the heart is measured (0.73mmHg = 1cm H20) giving a crude
value for ankle pressure(92). The diagnosis is usually confirmed by
performing the Ankle Brachial Pressure Index (ABPI).

1.9.6.1 The ankle brachial pressure index

The ABPI is used as a quick and non-invasive bedside measure of peripheral
arterial occlusive disease. It was first described by Yao et alin 1968 (93). A
handheld Doppler ultrasound probe is utilised to detect the required pulse
and a sphygmomanometer is inflated proximal to the probe until the pulse is
no longer detected. The cuff is slowly deflated and the pressure at which the
pulse is re-detected is the systolic pressure of that artery.

It is calculated by using the following formula.

ABPIec = P_Leg = systolic blood pressure at dorsalis pedis or posterior tibial artery

P arm Systolic blood pressure at brachial artery

The normal range is quoted to be 0.91- 1.31 (94). ABPI can give an objective
measure as to the disease severity and allows for identification of
asymptomatic disease. The reproducibility has been shown to be dependent
on the experience of the operator (95). The sensitivity of ABPI as a
diagnostic tool in PAOD ranges from 80-95% and the specificity from 95-
100% (94).

Studies have shown that very low (<0.7) and low (0.7- 0.9) ABPI’s are
associated with increased all cause and cardiovascular mortality and
combine cardiovascular morbidity and mortality. It has also been shown that
a high ABPI (=1.4) is associated with an increased risk of cardiovascular
events (76).
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Table 4: Interpretation of ABPI value(96)

ABPI Interpretation

>1.1 Normal but may be a sign of incompressible, calcified arteries
i.e. in diabetes

0.9-1.1 Normal range

0.7-0.89  Mild to moderate peripheral arterial occlusive disease (patient’s
symptoms may range from asymptomatic to intermittent
claudication)

<0.7 Moderate to severe peripheral arterial occlusive disease
(patient’s symptoms may range from intermittent claudication to
rest pain +/- gangrene

ABPI’'s may not be accurate in patients with diabetes, chronic renal failure
and the very elderly, due to a high prevalence of calcification of the medial
arteries within these cohorts. The arteries are less compressible and as such
there is a high false negative rate. ABPI is also an insensitive tool at
detecting PAOD progression when compared to imaging (97).

Brachial systolic blood pressure measurements taken bilaterally and ankle systolic measurements

taken bilaterally from both dorsalis pedis and posterior tibial arteries.
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1.9.6.2 Imaging

In order to plan revascularisation accurate anatomical information pertaining
to the site, number and severity of the lesions is imperative. Knowledge of
the inflow and outflow to the area is also necessary particularly when

planning a vascular reconstruction.

1.9.6.2.1 Ultrasound duplex

The 2005 AHA guidelines have stated that analysis of Doppler waveforms
should be combined with visualisation of the arteries with ultrasound i.e.
duplex ultrasound (98). A recent systematic review has reported sensitivity
rate of 88% and a specificity of 94% (99). Duplex ultrasound scanning has
the benefit of being widely available, inexpensive and non-invasive.

The quality of ultrasound duplex is known to be operator dependant and
requires proper training. Some arterial segments are more difficult to
visualise than others, in particular segments distal to a severe stenosis or
occlusion (100) and proximal vessels i.e. the aorta and iliacs can be hard to
visualise if obscured by bowel gas or in patients of large body habitus.

1.9.6.2.2 Computed tomography angiography

The diagnostic accuracy of CT has improved with advances in technology to
98-99% sensitivity and 96-99% specificity (94). The accuracy decreases the
more distal the vessel and image interference can occur with heavily calcified
arteries.

The average dose of radiation reported for a CTA is equivalent to 2-3 times
the background annual radiation exposure(101). It has been suggested that
within the cohort of patients with PAOD this is not of significant concern as
the latent period of radiation induced malignancy is less than the typical life
expectancy(102).

The contrast agents utilised are associated with the dose related risk of
developing contrast-induced nephropathy (CIN). The overall risk for the
development of CIN in high risk patients reported in the literature is 16.8%
(103) of whom 1% require renal replacement therapy. Contrast-induced
nephropathy has been shown to have an in-patient mortality rate of 34%
versus 7% for patients without (104).
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1.9.6.2.3 Magnetic resonance angiography

A 2010 meta-analysis has shown MRI scanning to have a pooled sensitivity
of 95% and specificity of 96%(105). It has the advantage that patients are not
exposed to ionising radiation and there is no risk of CIN with the Gadolinium
contrast.

Whilst the presence of calcification does not affect the image quality,
turbulent flow can result in an overestimation of the degree of a stenosis.
Equally the presence of implants and stents may result in image artefacts
which can render the images un-interpretable.

The association of PAOD with cardiovascular disease can mean that a
relatively high proportion of patients have pacemakers or defibrillators which
excludes them from MRI scanning(106).

1.9.6.2.4 Intra-arterial Angiography

Digital subtraction angiography (DSA) is still considered to be the gold-
standard and it is against this that new imaging modalities are compared.
Despite this it has its flaws, such as 2D imagery, unlike CTA and MRA,
overestimation of the length of vessel occlusions, and difficulty imaging distal
run off(94). DSA also involves use of contrast medium and as such has the
associated risk of CIN unless CO. or gadolinium are used. Patients are
exposed to ionising radiation during the investigation.

The technique is invasive and damage to the vessels such as dissection,
rupture of atherosclerotic plague and hence embolisation and damage to the

access vessels can occur.

1.9.7 Treatment

The decision regarding intervention in patients with claudication is dependent

on many factors such as smoking status, walking distance and the impact the

disease is having on their quality of life. This must be weighed against the
possible risks associated with intervention.
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Patients with chronic critical limb ischaemia will require some form of
intervention, in most instances, unless quality of life and survival odds dictate

otherwise.

Figure 13: Treatment of critical limb ischaemia within this institution: adapted from Norgren L et
al(107)

Candidate for ::> Imaging: duplex, MRA, |::> Revascularisation

revascularisation angiogram, CTA

Critical limb Ischaemia

@ Stable pain + lesion |::> Medical Treatment

Mot & candidate for
revascularisation

Intolerable pain/
Sepsis ‘::> Amputation

1.9.7.1 Medical management
The aims of treatment for peripheral arterial occlusive disease are two-fold:
1. Relieve the symptoms through improvement of blood supply and
reduction in ischaemia
2. Reducing the risk of cardiovascular events also referred to as
secondary prevention
Secondary prevention involves lifestyle modification and prevention/ control

of the relevant risk factors.

1.9.7.1.1 Diet and exercise

Exercise is known to improve not only the functional capacity of patients but
also reduce their overall cardiovascular risk (108). A systematic review by
Parmenter et al investigated the role of exercise programmes in claudication
and clearly demonstrated all forms of exercise to be beneficial for patients
(109). This reflected the finding of the 2008 Cochrane review which
concluded that exercise programmes improve both walking time and distance
in patients with intermittent claudication (110). Supervision of the exercise is
thought to be key to gaining benefit (111) and the Exercise Therapy in
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Peripheral Arterial Disease (EXITPAD) study group demonstrated that
absence of supervision leads to no benefit in terms of disease specific or
generic quality of life from exercise therapy in this cohort of patients (112).
The ACC/ AHA 2005 Guidelines have stated that the supervised exercise
should be performed for a minimum of 30-45 minutes three times a week for
a minimum of twelve weeks(98).

Weight loss is associated with an improvement in cardiovascular health and
can improve walking distance in patients with intermittent claudication(113).
Beneficial effects may also be seen with diets low in fat on plasma lipid levels
and may aid weight reduction. Glucose tolerance is known to increase with
weight loss. Low salt diets are also associated with improvements in blood
pressure (BP) and it has been demonstrated that long term salt reduction can

reduce not only BP but also the risk of coronary events(114).

1.9.7.1.2 Smoking cessation

Studies have shown that a combination of advice, and frequent follow up is
more effective at achieving smoking cessation than no physician intervention
(5% versus 0.1% at one year) (115). The use of nicotine replacement therapy
or bupropion results in cessation rates of 16% and 30% respectively (116).
There is evidence that in women, who stop smoking, their overall
cardiovascular risk returns to the level of non-smokers within 2-4 years(117).

1.9.7.1.3 Antiplatelet/ antithrombotic agents

A meta-analysis analysing 31 randomised control trials demonstrated that
that long-term aspirin therapy significantly reduced overall vascular mortality,
as well as nonfatal stroke and MI (118). Studies have also demonstrated that
treatment with aspirin improves the patency of infra-inguinal bypass grafts
but this effect is more marked with artificial grafts(119). More recently studies
have been carried out which appear to demonstrate that whilst the effect
seen with aspirin is marginal clopidogrel may be more beneficial for the
prevention of vascular events(120).

A Cochrane review to examine the role of antithrombotic agents in patients
following infra-inguinal grafts concluded that following bypass with a venous
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graft a vitamin K antagonist e.g. warfarin, may be beneficial whilst antiplatelet

agents are more beneficial for those receiving an artificial graft (121).

1.9.7.1.4 Blood pressure lowering medications

Angiotensin converting enzyme inhibitors have been shown to have
beneficial effects in patients with PAOD. The HOPE study showed a
significant reduction in the number of cardiovascular events in patients being
treated with ramipril versus placebo (122). The ABCD trial compared
nisoldipine with enalapril and illustrated beneficial effects in diabetic patients
with PAOD (123). Another trial investigating the role of perindopril
demonstrated a marginal increase in claudicating distance but this was not
indicative of an increase in ABPI or maximum walking distance when
compared to placebo(124). The Cochrane Review in 2009 concluded that the
evidence pertaining to anti-hypertensive drugs in peripheral arterial occlusive
disease is inadequate to determine whether significant benefits result from
their use (125). However sulfficient evidence exists regarding the benefit of

hypertension management to control blood pressure.

1.9.7.1.5 Heart rate lowering medications

Beta blockers have been shown to decrease the risk of adverse coronary
events and death in patients known to have coronary atherosclerosis (126)
and despite initial concerns do not have an adverse effect on walking

capacity (127).

1.9.7.1.6 Lipid lowering medications

The 2009 Cochrane review to examine the role of lipid lowering drugs in
peripheral arterial disease concluded that whilst the effect on all cause
mortality was inconclusive that statin therapy results in a beneficial effect on
the total number of cardiovascular events(128). Statins have also been
shown to reduce claudication symptoms and increase walking distance (129,
130).
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1.9.7.1.7 Diabetic control

Whilst the United Kingdom Prospective Diabetes Study involving patients
with type Il diabetes mellitus did demonstrate a 16% reduction in the risk of
myocardial infarction this was only of borderline significance and no
significant reduction in the mortality rate of risk of cerebro-vascular events or
amputation was demonstrated (131). It is however known that improved
control of diabetes reduces the risk of microangiopathy and therefore
nephropathy and retinopathy. As such the recommendations state that
patients should be managed aggressively to obtain an HbA1c level less than
7% (98).

1.9.7.1.8 Vasoactive drugs

The two main drugs in this category are Cilostozol and Naftidrofuryl.
Cilostazol has been shown to increase maximal walking distance in
claudicants by 38% and 51% at low and high doses respectively, when
compared to placebo. Patients also reported an improvement in quality of life
(132). However a subsequent review demonstrated only a small (15.7-
41.3m) increase in walking distance and the cost effectiveness has yet to be
established(133).

A recent meta-analysis demonstrated a 28% improvement in walking
distance with naftidrofuryl when compared with placebo (134). The National
Institute of Health and Care Excellence (NICE) have recommended
natftidrofuryl as a treatment option for patients with intermittent claudication
determining it to be the only cost effective treatment when compared with
cilostazol, pentoxifylline and inositol nicotinate(135).

1.9.7.1.9 Prostanoids

These are powerful vasodilators, which also reduce platelet aggregation and
improve endothelial function. llloprost is the most commonly used in clinical
practice due to its stability and relatively long half life. In patients with critical
limb ischaemia treatment with illoprost improved limb salvage rates from 35%
to 55%. Treatments are given intravenously and as such have to be carried
out as an inpatient and side effects, such as headaches and nausea, are
common (136).
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1.9.7.2 Interventional Radiology

1.9.7.2.1 Angioplasty
The feasibility and likelihood of success of angioplasty is dependent on
several factors:

e The length of the stenosed or occluded segment. It has been shown
that patients with lesions greater than 10cm in length are less likely to
benefit (137) and lesions less than 3cm show the best results (138).

e The nature of the lesion. Lesions due to the accumulation of atheroma
may be treated by balloon angioplasty and in some cases a stent or
may require a surgical intervention such as endarterectomy or bypass.
Plaque morphology, as assessed with duplex ultrasound, can help
predict the initial success and restenosis risk following angioplasty.
Echolucent plaques with a lower greyscale median, due to higher
cholesterol content, are more compressible and less likely to
restenose that echogenic fibrous plaques with a higher greyscale
median(139). Thrombotic lesions may benefit from thrombolysis whilst
emboli require embolectomy.

e The site of the lesion. It is known that the more proximal a lesion the
greater the restriction to flow(140) and equally that proximal lesions
give better results, with reduced restenosis rates and greater
symptomatic relief(138).

This led the TASC working group to develop a series of recommendations to
facilitate decision making regarding the optimal treatment methodology for

lesions in relation to operative versus endovascular treatment.
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Table 5: TASC Il Working Group recommendations on interventions(107)

Arterial Type A (usually Type B
segment endovascular) (preferentially
endovascular)

Infrarenal Stenoses <3cm

aorta

lliac Stenoses <3cm  Stenosis 3-10cm

disease OR unilat occlusion

Femoral SFA stenosis SFA occlusion or
<10cm OR stenosis < 15 cm.
occlusion < 5cm  Pop stenosis

Crural

Type C
(preferentially
open surgery)

Bilat CIA
occlusion OR
unilat CIA + EIA
occlusion

SFA occlusion or
stenosis >15cm
OR recurrent
disease

Stenoses < 4cm
OR occlusions <
2cm

Type D
(usually open
surgery)

Occlusion

Bilat EIA

occlusion OR
extension into
aorta +/- CFA

Complete SFA
or popliteal
occlusion

Diffuse disease
OR occlusions
>2cm

The role of angioplasty in infra-inguinal disease was investigated in the

BASIL trial. It concluded that mortality in both groups was low, 5% versus 3%
for surgery and angioplasty respectively. Surgery was associated with higher
morbidity and longer hospital stays however at 6 months the amputation free
survival rates and quality of life scores were comparable. This was also
associated with comparable cost effectiveness at 3 years due to a
significantly higher failure rate for angioplasty, 20% versus 3% at 12
months(141).

The continuing evolution of endovascular therapy has led to the development
and routine usage of additional technologies to improve outcomes following
angioplasty. Whilst initially stent usage was reserved for cases with
demonstrable residual stenosis following angioplasty or dissection to improve
primary patency (142), some studies have reported improved patency in
TASC A lesions (143, 144).

A recent meta-analysis has demonstrated that drug coated balloons show
significantly lower re-intervention rates when compared to standard
angioplasty.

A significant advantage in restenosis rates was demonstrated when
comparing self expanding stents, balloon expanding stents, endovascular
brachytherapy and drug coated balloons when compared with standard
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angioplasty. Drug-eluting stents also conferred an additional benefit
compared to bare metal stents. However significant variations existed in the
outcome measures reported in the studies and the sample sizes were small
(145).

1.9.7.3 Surgery

The success of surgical bypass procedures is dependent on the quality of the

inflow and run-off vessels.

1.9.7.3.1 Choice of bypass graft material

Autogenous vein grafts, in particular the saphenous vein are the conduits of
choice for performing infra-inguinal bypass grafts. A systematic review
examining the outcomes of randomised controlled trials comparing above
knee PTFE with vein grafts determined that primary patency at 2 years was
80 and 69% and at 5 years 74 and 39% for vein and PTFE respectively(146).
Infection rates are also significantly lower in vein versus prosthetic grafts
(147) with reported rates of between 1 and 5%(148).

Pre-operative ultrasound assessment should always be carried out to
determine the suitability of the vein, in terms of calibre and degree of
varicosities. A long saphenous vein of diameter less than 3mm has a 2 fold
increased risk of failure and as such should not be used (149). In patients
with unsuitable long saphenous veins, harvesting bilateral short saphenous
veins may be an option or the arm veins may be considered although
outcomes are significantly poorer (150).

The calibre of the supra-inguinal vessels leaves little alternative save for the
use of prosthetic material grafts, either Dacron or polytetrafluoroethylene
(PTFE). A 2008 meta-analysis comparing Dacron and PTFE grafts found no
significant differences in terms of patency or infection rates(151). This
contradicted the findings of an earlier multicentre RCT (152) which showed
significantly higher secondary patency rates for Dacron grafts. Surgeons are
believed to prefer the handling and suturing characteristics of Dacron and as
such this is currently the prosthetic graft of choice.
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Aorto-iliac disease

For patients with aorto-occlusive disease there is currently no endovascular
treatment option. Whilst laparoscopic aortic surgery has gained support in
some European countries, with suggestions that it reduces morbidity and
mortality as well as length of stay(153), there is no high level evidence to
support these claims. Open surgery, in the form of an aorto-iliac or aorto
femoral bypass, remains the most commonly practiced surgical technique.
For those patients unfit for major abdominal surgery or with a hostile
abdomen an axillo-bifemoral bypass graft may be contemplated, however
patency rates are poorer and morbidity and mortality rates are higher,
perhaps related to the higher incidence of significant co-morbidities(154).

For patients with either extensive external iliac disease or disease refractory
to endovascular procedures an ileofemoral bypass is the procedure of
choice. It is reliant on adequate inflow and in cases where the ipsilateral
common iliac is extensively diseased or occluded an ileofemoral cross-over
graft may be performed if the contralateral side is minimally diseased. An
alternative is a femoro-femoral bypass graft if there is no inflow on the
affected side but a relatively disease free contralateral side.

Femoral disease

To ensure adequate outflow/ inflow in patients undergoing supra-inguinal/
infra-inguinal bypass surgery respectively and in patients with isolated origin
disease i.e. stenosis at the bifurcation, an endarterectomy may be performed.
The repair typically involves patching of the vessel with vein, preferentially
due to reduced infection rates, or a prosthetic material.

Infra-inguinal disease

The first vascular bypass graft reported in the literature was performed by
Goyanes in 1906, using in situ popliteal vein to bypass a popliteal aneurysm.
Current estimates are that approximately 3,400 femoro-popliteal bypass
operations are performed annually in the UK (155). In cases where no
suitable vein is available to perform the bypass the use of a small section of
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vein to form a cuff at the distal prosthetic anastomosis has been shown to
improve patency rates of bypasses below the knee (156).

Table 6: Patency rates of infrainguinal bypass grafts(157)
Year 1 2 3
Primary patency (%)

Claudicants

Above Knee Prosthetic 853 77.4 709
Above Knee Vein 875 841 811
Below Knee Vein 814 76.0 73.8

Critical Ischaemics

Above Knee Prosthetic 76.3 64.7 57.2
Above Knee Vein 834 812 76.6
Below Knee Vein 843 804 76.2

1.9.7.4 Alternative therapies

For patients with critical ischaemia, who are not candidates for endovascular
or surgical revascularisation or in whom these techniques have already
failed, treatment options are limited. The outcome for these patients is bleak
and the reality is that within 6 months, the mortality rate is 20%, the
amputation rate is 35%, and amputation-free survival is 45% (158). Typically
treatment comprises symptom control through the use of analgesics, wound
care, including pressure relief, and optimisation of medical therapy.

1.9.7.4.1 Lumbar Sympathectomy

Chemical lumbar sympathectomy involves the injection of phenol and alcohol
around the lumbar sympathetic chain at the level of the 2" and 3™ lumbar
vertebrae. It has been shown to increase blood flow by the abolition of
sympathetic tone and as such the basal and reflex constriction of arterioles.
The maximal result is seen immediately but the duration of any affect is
unknown and variable.

It is known that it has limited use in patients with tissue loss when compared
to those with ischaemic rest pain only. Reports of effectiveness in the
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literature vary widely with long term pain relief ranging from 6% to 78% and
early amputation rates from 11% to 70%.

Despite the lack of high level evidence pertaining to its use lumbar
sympathectomy is still utilised (159).

1.9.7.4.2 Neurostimulation

Several techniques are encompassed by the term neurostimulation including
transcutaneous nerve stimulation, spinal cord stimulation (SCS), peripheral
nerve stimulation and cortical stimulation. The development of these
techniques rapidly following the proposition of the Gate control theory by
Melzack and Wall in 1965(160).

It is hypothesised that the transmission of a nerve impulse from the afferent
fibres to the cells responsible for its transmission in the spinal cord was
modulated by a ‘gating mechanism’ in the dorsal horn. As such higher levels
of activity in large myelinated nerve fibres inhibit the transmission in the small
unmyelinated nerve fibres. In this way epidural electrodes can stimulate the
dorsal horn to inhibit or temper the input from the smaller fibres (161). SCS
not only modulates the gating mechanism but also appears to increase the
inhibitory effects of gamma-aminobutyric acid (162).

The effects of neurostimulation are not limited to pain control. Animal studies
have shown that stimulation below the motor threshold can activate afferent
fibres of the dorsal column resulting in the peripheral release of calcitonin
gene-related peptide which causes vasodilatation within the skin (163). This
has been shown to be associated with an increase in tissue partial pressure
of oxygen(164).

In vivo endogenous electrical fields occur naturally and are fundamental for
tissue development and repair. Disease processes can interrupt the
generation of these electrical fields which can impede tissue repair (165).
Application of exogenous electrical stimulation can stimulate the generation
of these electrical fields and aid healing.

Electrical stimulation has many physiological effects such as an increase in

the migration of macrophages, granulocytes, fibroblasts and epithelial cells
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when applied to a wound (166-168). Exogenous stimulation can also
increase the formation and distribution of collagen and as such increase the
tensile strength of treated wounds(169).

Electrical stimulation stimulates the migration of endothelial cells, the release
of VEGF and angiogenesis (170-172). Wounds treated with exogenous
stimulation feature granulation tissue with a dense network of capillaries,
however these vessels are unstable in nature and the effects are believed to
be short lived.

Electrical stimulation, particularly with direct currents, has also been shown to
have an antibacterial effect due to the inhibition of pathogens (173).

1.9.7.4.2.1 Spinal cord stimulation

This involves the placement of epidural electrodes to stimulate the dorsal
columns and has been found to be beneficial in patients with intractable
pain(174). The role of SCS in peripheral arterial occlusive disease was first
reported by Cook et alin 1976 (175). A Cochrane Review investigating the
role of spinal cord stimulation for non- reconstructable chronic critical limb
ischaemia determined that limb salvage after 12 months of treatment with
SCS was significantly higher than the control group. It also demonstrated
improved pain relief although found no significant improvement in wound
healing. The complication rate associated with the treatment was high with
9% of patients experiencing implantation problems, 15% of patients
experiencing changes in stimulation requiring re-intervention, and 3% of

patients suffering infections(176).

1.9.7.4.2.2 Transcutaneous electrical nerve stimulation

The first portable, wearable device was developed in 1974 (177) and it was
determined that low currents with short wave lengths can be given to produce
a painless motor current but as the current increases the less preferential the
stimulation is for motor nerves(178). Whilst the term transcutaneous electrical
nerve stimulation is generally restricted to pain relief devices it actually
applies to all currents applied via surface electrodes for the purpose of nerve

stimulation, however most studies relate to the stimulation of cutaneous
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nerve fibres. TENS has been demonstrated to be advantageous in the
treatment of pain secondary to diabetic peripheral neuropathy (179).

Few studies have been carried out to determine other non-analgesic effects
of TENS in patients with peripheral arterial occlusive disease. Some
circulatory improvements have been reported in those with arterial disease
(180) and accelerated arterial ulcer healing (181). More recently Debreceni et
al reported improved outcomes, with increased pain-free walking distances
and ulcer healing, in 20 of 24 patients treated with transcutaneous electrical

stimulation (182).

1.10 Venous disease

1.10.1 Pathophysiology

During normal ambulation the muscles of the calf contract; this “muscle
pump” compresses the deep veins of the leg causing antegrade flow against
gravity back towards the heart. The presence of the valves within the veins
prevents the retrograde flow of blood with gravity. Venous hypertension
results from a failure of this mechanism. The vast majority of cases are due
to valvular insufficiency (venous reflux), commonly in the superficial venous
system but occasionally in the deep or a combination of both systems. This
occurs due to the initiation of a vicious cycle of events driven by
inflammation.

The remainder of cases are due to a physical or functional obstruction of
normal venous return. The most common case for a physical obstruction is
thrombosis of a major part of the venous outflow (DVT), but other causes
include trauma, surgery, cancer (groin or pelvic tumour) and May-Thurner
syndrome. Perhaps a greater number of people have a functional
obstruction secondary to a failure in the calf-muscle pump. This is commonly
due to immobility, ankle pathology and trauma.

Rarely congenital disorders may be responsible, for example in Klippel-

Trenaunay syndrome where patients present with varicose veins, limb
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hypertrophy and cutaneous capillary haemangiomas. The venous
abnormalities in this cohort include atresia, agenesis, valvular incompetence
and rarely venous aneurysms (183, 184).

Several hypotheses exist regarding the pathogenesis of venous insufficiency.
The most commonly quoted is that mechanical disruption of a proximal valve
results in the propagation of increasing pressure down the vein axis. This
results in failure of subsequent valves. Macroscopic and histological
examination of veins show deformity and destruction of valves and
inflammation (185-187).

Figure 14: Pathophysiologic cycle of venous disease
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1.10.2 Epidemiology

Chronic Venous insufficiency (CVI) refers to a common disorder of the
venous drainage of the lower limbs resulting in venous hypertension. This
frequently leads to symptoms (pain, swelling, itching) and complications
(eczema, phlebitis, bleeding, ulceration), which have a deleterious impact on
patients quality of life. The Edinburgh Vein study estimated that 9.4% of men
and 6.6% of women have evidence of chronic venous insufficiency (188).

In 1997 Ruckley reported that the annual venous disease expenditure in the
UK was around £400 million which equated to approximately 1-3% of the
health care budget (189, 190).
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1.10.3 Symptomatology

Chronic venous insufficiency can present with a spectrum of symptoms.
Patients may complain of aching, pain, itching and tightness whilst signs
such as eczema, hyperpigmentation (haemosiderosis) and
lipodermatosclerosis may be evident (191, 192). With increasing severity of
the insufficiency patients can experience oedema and ulceration.

Venous symptoms are worse when the limbs are dependant and are
frequently precipitated/ aggravated by prolonged standing and relieved by
elevation.

CVI has a significant adverse impact on patients’ health related quality of life,
the severity of which correlates with the severity of CVI (193-195). Walters et
al(196) demonstrated that a patient with simple, uncomplicated varicose
veins will experience a loss of 0.7 (95% CI 0.3 to 1.2) quality adjusted life
years over 10 years when compared with someone in full health, if no

treatment is carried out.

1.10.4 Classification
Venous disease is classified using the CEAP classification, which includes

the Clinical picture of the disease, the aEtiology, the Anatomy of the disease
and the underlying Pathophysiology.
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Table 7: CEAP Classification

Clinical
co

C1

C2

C3

C4a

Cdb

C5

C6
Etiology
Ec

Ep

Es

En
Anatomic
As

Ap

Ad

An
Pathophysiology
Pr

Po

Pr,o

Pn

No visible or palpable signs of venous disease
Telengectasia or reticular veins

Varicose veins

Oedema

Pigmentation or eczema
Lipodermatosclerosis

Healed venous ulcer

Active venous ulceration

Congenital
Primary
Secondary (post thrombotic)

No cause identified

Superficial
Perforator
Deep

No location identified

Reflux
Obstruction
Reflux and obstruction

No venous pathophysiology identifiable

The venous clinical severity score assesses both symptoms and their impact

on normal daily activities. It is useful as an adjunct to the ‘C’ classification of

the CEAP score.
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Table 8: Venous Clinical Severity Score

Attribute Absent (0) Mild (1) Moderate (2) Severe (3)

Pain None Occasional, no Daily, moderate Daily, severe
impact on activity  restriction on restrictions on
and no analgesia  activity, occasional activity and
required analgesic use regular analgesic

use

Varicose None Few scattered Multiple VV’s Extensive thigh

veins VV’s confined to calf or  and calf VV’s

thigh

Venous None Evening ankle Afternoon oedema, Morning oedema

oedema above ankle above ankle and

requiring activity
changes

1.10.5 Risk factors

A full history is necessary to determine the presence of risk factors for the
development of varicose veins. Over one third of patients presenting with
varicose veins will have a family history of venous disease (197, 198)
although evidence of a genetic predisposition is lacking (199). However
congenital disorders, for example Klippel-Trenaunay syndrome can lead to
the development of varicose veins at an early age(197).

Studies have shown that the occurrence of venous disease increases with
increasing age (188, 198, 200) and is more common in the female sex (Odds
ratio 2.3 (95%-Cl 1.9-2.7))(201). As the number of children a woman has
borne increases so does her risk of developing venous disease (202, 203).
Increasing weight in women has also been found to be a risk factor which is
independent of parity (203).

A sedentary job, with a predominant seating position at work has been
determined to be a risk factor for the development of venous disease (201)
as have occupations involving long periods of standing (204, 205).

It is imperative to determine if patients have a prior history of deep vein
thrombosis as in these instances the varicosities may be secondary to the
thrombosis.
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1.10.6 Diagnosis

A thorough examination of the lower limbs is carried out to determine the
distribution of all significant varicosities. Any skin changes or areas of
ulceration should be noted. Palpation of the limbs enables the determination
of the presence of any oedema and may locate perforators.

The source of venous hypertension may be determined by some simple
bedside tests. These tests (e.g. Tap test, the Brodie- Trendelenburg test)
have been demonstrated to have poor sensitivity and specificity when
compared with venous duplex and thus have been largely abandoned in
routine clinical practice (206).

1.10.7 Investigations

Use of a hand held Doppler (HHD) to detect junctional reflux is commonly
performed in the outpatient department. The probe is positioned over the
SFJ/ SPJ while the calf is manually compressed. Reflux is audible on release
of the calf. HHD examination has a sensitivity of 97% and 73% specificity for

SFJ reflux. These figures are poorer for SPJ reflux (207).

Venography

Whilst it used to be the gold standard investigation for venous disease
venography has now been replaced by duplex ultrasound because of the
associated risks. Extravasation of contrast can result in cellulitis and in
extreme cases necrosis and the development of ulcers. Some studies report
the development of thrombosis up to 13% (208). In certain situations
venography may still be used to assist in the planning of intervention.

Duplex ultrasound

Duplex is non-invasive, repeatable and reproducible and provides information
pertaining to the anatomy and haemodynamics of the venous system.

In B mode information pertaining to the anatomy and relationships of the
venous system can be established. The addition of Doppler supplies
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information regarding the velocity and direction of blood flow, represented as
colour on the screen. Spectral Doppler provides more information on the
nature of flow, in the form of a graph.

Incompetence within a vein section is determined by the duration of reflux.
Controversy exists surrounding the exact duration deemed significant
however the Society of Vascular Surgery Guidelines clearly state that
significant reflux is greater than or equal to one second in the great
saphenous vein and popliteal vein but only 0.5 seconds in all other vein

segments (209).

1.10.8 Treatment

1.10.8.1 Conservative management

Graduated compression hosiery provides external support which reduces the
venous hypertension, promoting the antegrade flow of blood and augmenting
the function of the muscle pump (210-213). Imaging has demonstrated that to
obtain the haemodynamic effects requires sufficient pressure to narrow the
vein lumens which has been found be to be between 30 and 40mmHg(214).
However a meta-analysis investigating low grade compression, 10-20mmHg,
determined that patients report improved symptoms and reduced swelling
compared to no compression (215). Compression plays a significant role in
the treatment of venous ulcers. Ulcer healing rates have been found to be
improved (216) and recurrence rates reduced (217).

Some patients fail to benefit from compression but this may be due to poor
patient selection or compliance. Venous symptoms can be non-specific and a
trial of compression hosiery may help distinguish patients who will benefit
from further intervention (218). Compliance with compression hosiery is
known to be poor with recent estimates around 35-40% and up to one third of
patients will not obtain any benefit despite apparent compliance (219, 220).
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1.10.8.2 Intervention

Surgical intervention for those patients demonstrated to have superficial
venous incompetence, in the form of open surgery, endovenous laser
therapy, VNUS closure and foam sclerotherapy, improves generic and
disease specific quality of life, reduce the recurrence rates of venous ulcers
and increase ‘ulcer free time’(221). Indeed studies have shown that treatment
of superficial incompetence can eliminate or reduce deep venous
incompetence (222, 223). The REACTIV trial also demonstrated a post
operative improvement at one year in the EQ-5D scores of 0.1(224).
Treatment of varicose veins with surgery or sclerotherapy has also been
shown to be highly cost effective (224).

1.10.8.2.1. Endothermal techniques

These involve the introduction of a catheter at the lowest point of reflux into
an incompetent, axial, superficial vein, under ultrasound guidance.
Perivenous tumescent anaesthesia in addition to eliminating procedural pain,
protects surrounding structures by hydro-dissection and heat dissipation.
Thermal energy, laser (EVLA) or electrical current (RFA) is supplied via the
catheter to obliterate the vein.

EVLA is not without complications with bruising occurring in up to 52.2% of
cases and paraesthesia in up to 2.7%. The incidence of DVT is significantly
lower than open surgery 0.3-0.6% (225, 226). Comparisons of EVLA and
open surgery have determined that the incidence of complications, such as
paraesthesia, infections and haematomas is less following EVLA (227).
Recurrence rates at 1,2 (227) and 5 years are comparable as are reoperation
rates and QoL scores (228).

Radiofrequency ablation has complication and recurrence rates which are
similar to EVLA. A meta-analysis by Siribumrungwong et al determined that
primary failure and recurrence rates of EVLA and RFA were non-significantly
different to those with open surgery but the incidence of haematomas, wound
infections and pain were lower and patients returned to normal activities
faster (229).
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Indeed the recent NICE guidelines stipulate that endothermal ablation should
be first line treatment for varicose veins with truncal reflux. If the patient is
deemed unsuitable for endothermal ablation sclerotherapy should be
considered before open surgical repair (230). Interestingly these guidelines
also recommend that compression hosiery should not be prescribed for
symptomatic, uncomplicated superficial venous insufficiency.

1.10.8.2.2 Sclerotherapy

This entails the use of chemical agents which are injected into the necessary
veins and cause occlusion by the initiation of chemical thrombophlebitis and
fibrosis. Initially liquid chemicals were utilised but quickly lost favour due to
high recurrence rates. The development of foam sclerosants has led to a
resurgence in interest with success rates of up to 80% at 5 years being
reported in the literature (231, 232).

The incidence of minor complications such as skin pigmentation are high
(~17%) but serious complications (neuropathic problems, anaphylaxis) are
rare (233).

1.10.8.2.3 Open surgery

This technique incorporates ligation at the site of junctional incompetence,
stripping of the incompetent axial vein and phlebectomies, usually performed
under general anaesthetic. In experienced hands open surgery is safe, cost
effective (224) and beneficial in terms of improvements in quality of life (234).
Unfortunately open surgery has significant recurrence rates, up to 30% at
one year and 66% at 10 years although not all patients request re-
intervention (235-237).

Complications following open surgery are not uncommon but are usually
temporary. Superficial skin infections can occur in up to 18% of patients
(238), whilst haematomas may occur in up to 33% of patients (239). Sensory
cutaneous nerve damage is the most common cause of complaints following
open surgery for varicose veins, the incidence of which has been shown to
be related to the length of vein stripped (stripping to the knee 7% versus full
length stripping 39%)(240). Surgery of the saphenopopliteal junction may
also be complicated by damage to the sural nerve or common peroneal
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nerve (241). Deep vein thromboses may occur in up to 5% of patients
although the majority are asymptomatic (242).

For patients who have no surgically correctable cause or who are unable to
tolerate or obtain no benefit from compression, treatment options are limited.
Horse chestnut extract has been shown to have potential benefits in relation
to the reduction of pain, oedema and itching in patients with chronic venous
insufficiency (243). MPFF and pentoxyphylline have also been shown to be
beneficial in the treatment of venous ulcers (244, 245).

1.11 Venous thromboembolism

Venous thromboembolism (VTE) refers to the formation of a blood clot within
the lumen of a vein which impedes or occludes the normal flow of blood.
Deep vein thromboses typically occur in the deep veins draining the calf
muscles but may occasionally occur more proximally or in the upper limbs.
Fragmentation of the clot may occur, if untreated, and result in embolisation
to the arteries of the lungs, termed pulmonary embolism.

The true prevalence of venous thromboembolic disease is difficult to
determine however several epidemiological studies have been carried out to
attempt to quantify this. In the United States the incidence has been
estimated to be approximately 150 per 100,000 of the population (246, 247).
In Europe information on the incidence of VTE was derived from large French
and Swedish studies which suggested higher results ranging from 160 per
100,000 (248) to 180 per 100,000 (249).

The VITAE trial was carried out in 6 European Union countries to determine
the extent of the health burden of venous thromboembolic disease. The study
reported an estimated annual incidence of 460,000 DVT and 300,000
pulmonary embolisms with an associated annual mortality rate of 370,000
from VTE (250). It is estimated that two thirds of VTE result from
hospitalisation and VTE is the third most common cause of hospital related
death (251, 252).
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1.11.1 Aetiology and Risk factors

As previously mentioned the aetiology for the development of thrombosis is
described by Virchow’s triad. Risk factors therefore impact upon blood flow,
constituents or the vessel wall. An understanding of the strength of risk
factors and their cumulative effects is imperative when making decisions

regarding prophylaxis.

Table 9: Risk factors for venous thromboembolism. Adapted from Anderson and Spencer
2003(253)

Strong risk factors (odd ratio > 10) Hip or leg fracture

Hip or knee replacement

Major general surgery

Major trauma

Spinal cord injury

Moderate risk factors (odds ratio 2-9) Arthroscopic knee surgery

Central venous lines

Chemotherapy

Congestive heart or respiratory failure

Hormone replacement therapy

Malignancy

Oral contraceptive therapy

Paralytic stroke

Pregnancy/ post partum

Previous venous thromboembolism

Thrombophilia

Weak risk factors (odds ratio <2) Bed rest > 3 days

Prolonged travel

Increasing age

Laparoscopic surgery

Obesity

Pregnancy/ antepartum

Varicose veins
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1.11.2 Signs and symptoms

Initially patients may experience pain, swelling and tenderness in the affected
limb, and on examination the limb may be warm and erythematous. In
extreme cases where complete occlusion of more proximal veins occurs
there is extensive swelling associated with venous hypertension. If untreated
venous gangrene may result.

In the absence of treatment approximately 25% of calf VTE propagate to
involve the popliteal vein or more proximal veins. Of these 50% will develop a
pulmonary embolism which has a 30 day mortality rate of 15-25% (254).
Post-thrombotic syndrome (PTS) refers to the collection of symptoms, such
as pain, swelling and varicose veins which can result in up to 60% of patients
in the 2 years following VTE. Approximately 10% of patients will develop
severe PTS including the development of venous ulcers (255).

1.11.3 VTE prophylaxis

The development of venous thromboembolism is preventable and yet the
annual UK mortality is reported to be 25,000 patients (256). Indeed a recent
survey revealed that approximately 71% of patients deemed to be of medium
or high risk of developing VTE did not receive prophylaxis of any form (257).
This knowledge led to the formulation of NICE guideline 92 in 2010 which
highlighted priorities in terms of risk assessment and the use of prophylaxis.

Preventative therapies can be divided into mechanical and pharmacological.

1.11.3.1 Mechanical

Graduated Compression stockings

Graduated compression stockings (GCS) are the most commonly used
mechanical VTE prophylaxis. Graduated stockings apply varying degrees of
pressure with the greatest being at the ankle and reducing proximally. These
have been used as the stocking of choice since the study by Sigel et al (258)
demonstrated that GCS result in gradually increasing flow velocity within the

veins as they pass proximally. External compression reduces the cross
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sectional area of the limb and hence the veins, reducing stasis and
increasing flow rates (259). A meta-analysis published in 1994 reported a
68% risk reduction in the incidence of VTE following moderate risk surgery
with the use of graduated compression stockings. More recently a Cochrane
review reported an approximate relative risk reduction of 52% when
compared to no prophylaxis in a combination of both medical and surgical
patients (260). Data regarding the use of thigh length versus knee length
stockings is insufficient to determine which is more effective in surgical
patients (261). It is however known that patients are more likely to tolerate
knee high stockings (94% versus 59%)(262).

For GCS to be effective in reducing the risk of DVT they must be correctly
sized and fitted. A 2008 study assessed 142 post operative patients and
determined that 25% of patients were wearing the wrong size of stocking and
almost 1/3 (predominantly thigh high) were incorrectly placed (262). In
addition the stockings are difficult to apply and as a result compliance may
suffer (219).

As early as the 1950s it was emphasised that patients must be assessed for
peripheral arterial occlusive disease prior to the application of GCS (263).
Despite this several case reports are found in the literature of patients
developing ischaemic ulceration (264, 265). Most recently the CLOTS study,
investigating DVT prevention in stroke patients reported that the incidence of
skin breaks, ulcers, blisters and necrosis was higher (64% versus 16%) in
those wearing GCS than not (266).

Intermittent pneumatic compression (IPC) of the calf

IPC operate via cuffs which are placed around the lower limbs and
periodically inflate and deflate. Blood is squeezed from the underlying deep
veins and displaced proximally on inflation and refill on deflation. This
reduces venous stasis, an important component of Virchow’s triad (267).

A meta-analysis in 1996 reported that IPC devices cause a relative risk
reduction for DVT of 62% compared to placebo, 47% compared to graduated
compression stockings and 48% compared to prophylactic heparin (268).
Several studies have shown that IPC may have a role in stimulating
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fibrinolysis (269-271) and as such preventing hypercoagulable states,
another component of Virchow’s triad.

1.11.3.3 Electrical stimulation

Studies exploring a role for electrical stimulation in DVT prevention have
demonstrated reduced venous stasis (272, 273) and increased flow (274)
even when applied to patients immobilised in a cast (275). Electrical
stimulation also appears as efficacious as intermittent pneumatic calf

compression at increasing blood flow velocity (276, 277).

1.11.3.2 Pharmacological

Heparins

These are injectable forms of anticoagulation derived from the mucosal
tissues of porcine intestine or bovine lung (278). Heparin binds to
antithrombin 11l resulting in its activation which in turn inactivates thrombin
and other pro-coagulant proteases. As such it prevents clot formation but
does not play a role in clot lysis. The effects of heparin can be measured by
establishing the time for blood plasma to clot i.e. aPTT (actual partial
thromboplastin time). The anticoagulant effects of heparin are counteracted

by Protamine sulphate.

Unfractionated heparin

The half life of unfractionated heparin is approximately one to two hours and
as such is typically given as an infusion (279). The value of low dose
unfractionated heparin for patients undergoing ‘general’ surgery was
emphasised in the published meta-analyses by Collins et al (280). It
demonstrated a DVT risk reduction of 13% compared to no prophylaxis and a
reduced incidence of clinically overt PE (1.3% as opposed to 2.0%).
Unfractionated heparin is associated with increased number of bleeding
events however a further meta-analysis determined that this was
predominantly in the form of wound haematomas and not more major bleeds
(281). Platelet count must be monitored to prevent development of heparin
induced thrombocytopaenia.
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Low molecular weight heparin (LMWH)

LMWH has a half life between four and five hours and as such can be given
once or twice daily removing the necessity for a continuous infusion (282).
Studies have shown this to be as effective as low dose unfractionated
heparin and with comparable risks (283). Studies have demonstrated
however a lower incidence of heparin induced thrombocytopaenia with
LMWH compared to unfractionated (284). Whilst more expensive than
unfractionated heparin the benefits of easier administration and once-daily
dose mean outpatient management is feasible and as such more economical
(285).

Synthetic factor Xa inhibitor (Fondaparinux)

Fondaparinux is the only recommended drug in this class (286). It has a
longer half life than heparin, approximately 17 hours and is more active
against anti-X,. This has led to the belief that is more stable and as such may
have reduced risks (287). It does however still convey the risk of

thrombocytopaenia (288).

Vitamin K antagonists

Warfarin is still considered the main drug within this class and is certainly the
most widely used. It is most commonly used for long-term anticoagulation. It
acts by reducing the levels of vitamin K which is necessary for the activation
of clotting factors Il, VII, IX and X and whilst it does not have a role in the
breakdown of existing clots it prevents new clot development and
propagation. Vitamin K antagonists are taken orally and loading can take
between four and seven days. Side effects include bleeding and constant
monitoring of the ‘INR’ (international normalised ratio) is required as it is
known that many other medications may interact with warfarin. Options for
warfarin reversal include simply stopping warfarin administration, or in
instances of bleeding vitamin K, fresh frozen plasma and/ or prothrombin

complex concentrate administration.
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Direct thrombin inhibitors

As the name suggests these act as anticoagulants due their direct inhibition
of thrombin. They are useful for patients who have previously suffered from
heparin induced thrombocytopaenia. Similar to the other anticoagulants the
side effects include significant bleeding and no effective monitoring exists
(289).

1.12 Neuropathy

Patients with peripheral arterial occlusive disease often display signs
consistent with peripheral neuropathy. This is likely to be multifactorial. Data
from the Framingham Heart Study(290) revealed that 20% of symptomatic
patients with PAOD had diabetes, but this probably greatly underestimates
the prevalence, given that many more people with PAOD are asymptomatic.
Conversely a study of 54 patients with diabetic neuropathy revealed that 48%
of patients had asymptomatic peripheral vascular disease (291).

It is also known that chronic kidney disease (CKD) is independently
associated with an increased prevalence of PAOD, and with the future risk
for developing clinically significant peripheral arterial occlusive disease. Of
patients with a creatinine clearance <60ml/min 24% have PAOD defined as
an ABI<0.9 (versus 3.7% of persons with CRCL>/=60 ml/ minute (292)).

1.12.1 Diabetic neuropathy

Diabetic peripheral polyneuropathy is a progressive disorder resulting in both
large and small fibre loss. The morphological changes correspond to loss of
function (293, 294). Clinical scoring systems, assessing both signs and
symptoms, such as the Toronto Neuropathy score (295) exist to establish the
extent. Loss of vibration perception has been found to be an independent risk
factor for the development of neuropathic ulcers (296, 297).

Nerve conduction studies can be carried out to determine the degree of
neuropathy (298, 299). Autonomic damage impacts upon morbidity and
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mortality and has been shown to be the most important prognostic indicator
of poor outcome when compared to other diabetic complications (300).

1.12.2 Chronic renal failure and neuropathy

Autonomic and peripheral neuropathy in patients with chronic renal failure
affect up to 65% of patients commencing dialysis (301). This incidence
increases up to 80% of patients with diabetic nephropathy (302, 303). It has
been shown to be related to not only the underlying pathology of the renal
failure but also the degree. Indeed high levels of urea, creatinine and PTH
levels have been shown to be correlated with lower conduction velocities and
neuropathic symptoms (301). In advanced disease histological examination
reveals degeneration of the axons and secondary demyelination of peripheral
nerves (301).

Examination of the peripheral nervous system may reveal muscle atrophy,
abnormal or absent reflexes and impaired sensation. However the most
accurate test to detect neuropathy is reduced conduction velocity (304, 305).
Dialysis has been shown to improve neuropathic symptoms, however the
nerve conduction velocity remains reduced in between 60% to 80% of
individuals (306). Transplantation improves both the symptoms and signs of
peripheral neuropathy (301).

1.12.3 Ischaemic Neuropathy

Ischaemic neuropathy is a rare but underreported sensory neuropathy. It has

been shown to be a predominantly distant axonopathy which affects nerves

of all sizes. The degree of reduction in blood flow correlates with the patient’s
signs and symptoms and findings of electrophysiologic studies (307).
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1.13 Previous research

A literature search was undertaken to assess the current evidence base for

the use of nerve stimulation in individuals with lower limb vascular disease.

1.13.1 Peripheral arterial occlusive disease:

1.13.1.1 Phantom pain and stump pain

The role of transcutaneous electrical nerve stimulation(TENS) in the
treatment of phantom and stump pain following lower limb amputation was
evaluated by Mulvey et alin 2010 (308). It is evident from the literature that
post procedural pain is a common problem following amputation affecting up
to 80% of patients and interfering with quality of life and rehabilitation (309,
310). Many case reports and clinical studies have reported beneficial effects
from the use of TENS (311-317). However no randomised controlled trials
have been carried out to evaluate the effects.

1.13.1.2 Claudication

Several studies have been carried out to investigate the role of spinal cord
stimulation in patients with claudication. Sciacca et al reported that the
TcpO2 measurements in the limbs of 6 claudicants increased significantly
with spinal cord stimulation which appeared to continue for at least 30
minutes after the stimulation was stopped (318).

Broseta et al evaluated the role of epidural spinal stimulation in patients with
PAOD ranging from stage Il to stage IV. Of 33 patients tested 15
demonstrated a significant improvement in claudication distance with no
improvement in 8 patients. Doppler ultrasound assessment of the dorsalis
pedis artery in 12 of these patients demonstrated an improvement in blood
flow with normalisation of the pulse wave morphology and increase in
velocity. The skin temperature during stimulation was also shown to rise in 13
patients (319).

However only a few studies have investigated the role of transcutaneous

electrical neuromuscular stimulation in patients with claudication. Anderson
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et al observed a significant increase in claudicating and maximum walking
distance with chronic muscle stimulation, whilst those receiving control
treatment demonstrated no significant change from baseline (320).

Tsang et al investigated the role of chronic electromyostimulation in patients
with claudication. They demonstrated a significant increase, after 4 weeks of
treatment, of claudication distance (88 to 111 metres) and maximum walking
distance (118 to 158 metres). However these changes were not maintained
following cessation of treatment (321).

Tallis et al evaluated the impact of transcutaneous (sham) electrical
stimulation and spinal cord stimulation on claudication distance and reported
a significant increase in claudication distance from 65 +/- 45 metres to 212
+/- 147 metres (P<0.025) with spinal cord stimulation and a 61% increase in
exercise tolerance measured utilising a bicycle ergometer. There was no
increase in claudication distance or exercise tolerance with transcutaneous
stimulation (322).

1.13.1.3 Critical limb ischaemia

Spinal cord stimulation (SCS) as a treatment adjunct in patients with non-
reconstructable chronic critical limb ischaemia has been the predominant
focus of research within this area. The first study of this kind was reported in
1976 by Cook et al who reported significant pain relief and improved ulcer
healing in up to 82% of patients. A Cochrane review by Ubbink and
Vermeulen in 2013 evaluated the efficacy of SCS compared to conservative
treatment alone from 6 published studies (323-333).

The review reported a significant improvement in limb salvage rates after 12
months of treatment (Relative risk of amputation 0.74, 95% CI1 0.57 to 0.94).
This equated to the number needed to treat to prevent one major amputation
being 9 patients. Some beneficial effect was found relating to pain relief
however the scores utilised and incomplete result reporting meant data
pooling could not be performed.

There also appeared to be a beneficial effect on ulcer healing within this
cohort with spinal cord stimulation.

The meta-analysis concluded that SCS is better than conservative

management alone in the treatment of patients with non-reconstructable
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chronic critical limb ischaemia in reducing the risk of amputation, providing
pain relief and improving the clinical picture. However the risk associated with
SCS must be borne in mind, in particular implantation failures and
complications. A period of test stimulation should be utilised to establish

those most likely to obtain benefit.

1.13.2 Wound healing

Endogenous electrical fields occur naturally in vivo and are vital for tissue
development and repair. They occur due to the transport of ions across the
polarised epi- and endothelium. The generation of natural electrical fields can
be disrupted by disease processes. When compared to the surrounding skin
wounds show a comparative positive electrical charge which results in a
current which stimulates the biological repair mechanism(165).

The application of exogenous electrical stimulation may restart and stimulate
these naturally occurring electrical fields promoting healing. Indeed there is
an increasing volume of evidence that exogenous electrical currents enhance
the body’s natural bioelectrical signals.

Studies to examine the patho-physiological effects of electrical stimulation
have revealed that the migration of macrophages, granulocytes, fibroblasts
and epithelial cells is increased in size and velocity when electrical
stimulation is applied to a wound (166-168). The formation of collagen has
also been shown to increase, as does the distribution of collagen fibres
around the periphery of the wound. This results in greater tensile strength
(169).

The endothelial cells have been shown to release more vascular endothelial
growth factor (VEGF) levels when under the influence of electrical
stimulation, promoting angiogenesis (170-172). Thus the granulation tissue
displays a denser network of capillaries, however these networks are
unstable and hence the effects are short lived.

Some studies have also suggested that application of a direct current to a
wound inhibits the activity of pathogens. The result is reduced colonisation
and infection of the wounds (334).
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The role of electrical stimulation in wound healing has been reported for
many years but there has been a recent resurgence of interest in the past
couple of decades (335-369). Despite this renewed interest electrical
stimulation has failed to become a recognised adjunct to wound healing
believed to be due to the small numbers recruited to the studies, the diversity
of stimulation devices tested and the methodology of the studies (370).

A meta-analysis performed by Barnes et al determined that the quality of the
studies reported in the literature varied from poor to good. There was also
significant variance between studies in the current utilised and the outcome
measures analysed.

The effect of electrical stimulation on percentage change in ulcer size over
the total study periods was assessed in 6 RCTs (351, 357, 362-365).
Exogenous electrical stimulation was found to significantly improve the
percentage mean change in ulcer size by 24.62%, (95% C.I. 19.98 to 29.27,
p < 0.00001) with no heterogeneity (I?=0%, p=0.66) when compared to
placebo or usual treatment.

3 RCTs evaluated the effect of electrical stimulation effect on percentage
weekly change in ulcer size (366, 368, 369). Overall, electrical stimulation
showed no significant difference in the percentage weekly change in ulcer
size by 1.64%, 95% C.I. -3.81 to 7.09, p=0.56 with significant heterogeneity
across trials (1>=96%, p<0.00001) when compared to placebo or usual
treatment.

One study reported that electrical stimulation insignificantly improved the
percentage daily change in ulcer size by 0.63 %, 95% C.I. -0.12 to 1.37,
p=0.10 when compared to placebo or usual treatment(347).

Electrical stimulation effect on ulcer size (cm?) was assessed in 6 RCTs (350,
352, 355, 359, 361, 371). It was found to be superior when compared to
placebo or usual treatment improving ulcer size by 2.42 cm?, 95% C.I. 1.66 to
3.17, p<0.00001 compared to placebo or usual treatment. However, there
was significant heterogeneity across trials (1?=94%, P < 0.00001).

The meta-analysis concluded that use of electrical stimulation as an adjunct
to ulcer treatment accelerates healing when compared to placebo or usual
treatment. This reflected the findings of a previous meta-analysis by Gardner
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et al (372). Further studies to compare the relative merits of the differing
treatment modalities, i.e. the effect of differing current types would be
beneficial and studies to establish whether the efficacy is equal for ulcers of
all aetiologies are required.

Few studies have examined the cost effectiveness of electrical stimulation
when compared to standard treatment for the healing of chronic ulcers. One
trial which examined electrical stimulation in the treatment of pressure ulcers
in spinal cord injured patients revealed that the treatment is cost effective
within this patient cohort (373). Similarly a study by Taylor and colleagues
(374) established that electrical stimulation is a cost effective treatment
adjunct in the treatment of chronic venous leg ulcers, however, it stated that
this was dependant on the number of required treatment units, the costs of
these units and the degree of required nurse input. It is clear that these vary
greatly between the devices tested. To be recognised as a treatment adjunct
cost-effectiveness analysis would be required.

1.13.3 Venous disease

Calf and foot electrical stimulation has been proposed as a treatment for the
prevention of deep venous thrombosis. Kaplan et al determined that it was a
safe, tolerable and efficacious method of increasing flow in the popliteal and
femoral veins and thus has the potential to be utilised as a method for
reducing venous stasis (274). This reflected the findings of a previous study
by Faghri et al (375).

Clarke Maloney et al explored the role of calf muscular stimulation and
compression to improve venous blood flow and demonstrated a significant
increase in flow within the popliteal vein in patients with venous ulceration.
This increase was only a fraction of that seen with voluntary calf contraction.
Compression resulted in no increase in venous blood flow (376). In a similar
study two patients, treated with electrical stimulation and compression
hosiery simultaneously, demonstrated increased venous velocity flow with
reduced pain scores after one week (377).
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A study investigating the role of an electrical stimulation device determined
that treatment with Veinoplus reduces oedema, pain and improved quality of
life in patients with venous disease (378).

The increase in venous flow velocity, with electrical stimulation, is reported to
be equivalent to that achieved with intermittent pneumatic calf compression,
suggesting a role in deep venous thrombosis prevention (276).

1.14 The Geko™ Device

The geko™ device, (CE 558928; British Standards Institute notified body
0086) is a portable, discrete, self-contained stimulation unit which adheres to
the skin. It delivers a pulsed electrical current at 27mA at a repetition rate of
1Hz. There are 7 pulse width settings ranging from 70- 560pus allowing
adjustments for patient comfort.

It is applied to the postero-lateral aspect of the knee in order that the
electrical impulses activate the common peroneal nerve within the popliteal
fossa. This nerve, in turn activates the venous muscle pumps of the calf and
foot responsible for returning blood to the heart. It was initially developed to
reduce the incidence of venous thromboembolism by emulating the effects
seen by normal mobilisation namely reduced venous stasis through the
activation of the muscle pumps.
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Figure 15: Applicatio
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The device does not affect the normal movements of the limb nor patient
mobility. It has charge-balanced waveforms that yield no build-up of charge in
the subject and therefore adverse events e.g. electrical burns, can’t occur
within controlled use. It is battery powered and as such not attached to mains
current.
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Figure 16: The geko™ device
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1.14.1 Evidence relating to geko™

In controlled clinical studies of normal, healthy subjects, at St Bartholomew’s
Hospital, London, the technique has been shown to be effective in stimulating
lower limb musculature contraction and to enhance both blood flow velocity
and flow volume in the lower limb as measured in dorsal foot veins by
photoplethysmography and in the Femoral vein using duplex ultrasound.
Further, the technique has been recently demonstrated to substantively
increase arterial, venous and microcirculatory blood flow; together with a
significant decrease in tissue Plasminogen Activator (t-PA) antigen which
indicates increased fibrinolytic activity (380).

A study by Tucker et al 2010 examined the role of the geko™ device in 30
healthy volunteers and demonstrated that it resulted in an up to 25 fold
increase in blood flow velocity and a significant increase in venous volume
flow (P<0.01) at all stimulation levels, measured with ultrasound Doppler.
This also corresponded to a four- fold increase in microcirculatory flow when
measured with the laser Doppler (381). Another study by Jawad et al
demonstrated that not only did the geko™ device increase venous blood
volume flow by 33% from baseline on high stimulation and 14% on low
stimulation, but on high stimulation settings also increased arterial blood
volume flow by 30% (382).

The device potentially represents a significant enhancement on current

attempts to develop clinically effective prophylaxis with high user compliance.
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In particular, the approaches to enhancing lower limb blood flow are reported
as painless/minimal sensation. The system facilitates isometric contraction of
the anterior and posterior calf muscles, which practically eliminate the
spasmodic leg movements intrinsic to other reported approaches.
Furthermore, in combination with simultaneous activation of the foot
musculature, this technique facilitates efficient muscle contraction leading to
mobilisation of venous blood flow in response to a significantly lower applied
current compared to other systems.

The THRIVE-II trial has now commenced as a multi-centre evaluation of the
geko™ device compared to Intermittent Compression devices in patients
prior to elective hip or knee replacement. The Sponsor of the study and lead
site is Stanmore Orthopaedic Hospital NHS Trust.

To date no research has examined the role of geko™ device in lower limb

vascular disease.

1.15 Justification for research

The above summary of the literature highlights the lower limb vascular
disease processes and the potential role for electrical nerve stimulation as a
therapy or therapeutic adjunct for such patients. The pathological and
physiological processes involved in the success seen with other methods of
electrical stimulation are multiple. The geko™ device has been demonstrated
to be effective at flow augmentation in healthy volunteers and it was deemed
necessary to investigate device efficacy in individuals with circulatory
disorders. We, therefore, devised a programme of research to evaluate
specific aspects of electrical stimulation in patients with lower limb vascular

disease.
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Research question 1
Aims: to assess the ease of application of the geko™ device by trained
health care professionals and the tolerability and acceptability of the device

to vascular patients

Research question 2
Aims: to assess the patient related factors associated with geko™ device

failure- inability to initiate muscle twitch

Research question 3
Aims: to assess the effect of the geko™ electrical stimulation device on
arterial, venous and microcirculatory flow in patients with claudication

(Following amendment to replace patients with critical limb ischaemia).

Research question 4

Aims: to assess the effect of the geko™ electrical stimulation device on
arterial, venous and microcirculatory flow in patients with infra-inguinal
bypass for PAOD

Research question 5
Aims: to assess the effect of the geko™ electrical stimulation device on
arterial, venous and microcirculatory flow in patients with superficial venous

insufficiency.

Research question 6
Aims: to assess the impact of the geko™ electrical stimulation device on
plasma levels of vascular endothelial growth factor, plasminogen activator

inhibitor and tissue plasminogen activator

These studies were carried out under the auspices of two research protocols
which evolved and underwent amendments as new data, derived from the

studies became available.
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Chapter Two: Methods

2.1 Study Approvals

The research and development department of Hull and East Yorkshire NHS
Trust acted as the sponsor in the studies. Funding was provided by the
Academic Department of Vascular Surgery at Hull Royal Infirmary.

The protocols, patient information leaflets, consent forms, and all other
documents pertaining to these research studies were submitted via IRAS
(Integrated Research Application System) to the National Research Ethics
Service (NRES) approved by the NRES committee Yorkshire and the
Humber- Sheffield; reference number 12/YH/0480 on the 5" December 2012
and the East of England- Cambridge East committee; reference number:
12/EE/0314 on the 9" April 2013.

A major amendment was submitted and approved following the determination
that peroneal nerve stimulation was not effective in one of the initial study
groups leading to the inclusion of claudicants and removal of critical limb
ischaemics (see Chapter 4 and discussion).

A further amendment was submitted and approved to include a control arm to
the studies following the observation of changes in flow in the contralateral
limb i.e. the limb not receiving active stimulation to determine whether there

was a systemic effect of peroneal nerve stimulation.
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2.2 Ethical conduct of the studies

The conduct of the studies, dissemination of findings and thesis completion
was performed in line with the principles outlined in the Declaration of
Helsinki (383). The health and wellbeing of the research participants was the
prime concern of all the researchers.

The investigator has undergone formal training in Good Clinical Practice and
is appropriately qualified and experienced in performing all interventions and
investigations.

All eligible patients identified were counselled regarding the opportunity to
participate in the trials. If willing a written informed consent form was
completed. No patient deemed to lack capacity was included in the studies.
Patients were clearly informed that the research being undertaken was
unlikely to offer them any benefit but may aid in establishing whether the
geko™ may be considered a useful treatment adjunct in the future. They
were made aware of the additional burden of the assessments involved in the
study and were aware that they were free to withdraw at any stage in the
process, without any prejudice to their on-going or future care.

The studies were prospective in nature and approval was sought and
obtained from independent and institutional ethics boards, before
commencement of recruitment. The studies were registered on
clinicaltrials.gov as per recommendations (384). The nature of the device led
to limitations in relation to blinding.

2.3 Quality Assurance

The Chief Investigator was responsible for the day-to-day monitoring and
management of the studies. The study was monitored in accordance with the
Department of Health Research Governance Framework for Health & Social
Care (385), and in accordance with the Sponsor’s monitoring and audit
policies and procedures.
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The organisation, monitoring, and quality assurance of the studies was the
responsibility of the Sponsor, and Principal Investigator. In order to ensure
the accuracy of data, direct access to source documents by the
representatives of both the Sponsor and regulatory authorities was ensured
at all times. Anonymity of the subjects was maintained at all times.

The investigator permitted study-related monitoring, audits, REC review, and
regulatory inspections, providing direct access to source data / documents.
Patient consent to this was specifically sought in the Consent Form.

2.4 Data handling and storage

Participants were informed that their data would be held on file, and that this
data may be viewed by the Sponsor and by external auditors on behalf of
either the sponsor or regulatory agencies. They were similarly informed that
this data and a report of the study would be submitted to the Sponsor and
may also be submitted to government agencies and perhaps for publication,
but that they would only be identified in such reports by their study
identification number, initials and perhaps their gender and age.

The investigators undertook to hold all personal information in confidence
and in compliance with the Data Protection Act 1998 (386) and Caldicott
committee (387). Data was collected and collated using a specifically
designed database. This was kept on hospital central servers on a limited
access hard drive. Access was via password protected log-in on hospital
servers only and was limited to members of the Academic Vascular Surgery
Unit. The file itself had password protected opening.
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2.5 Indemnity

This was an NHS sponsored research study. Indemnity was provided by the
site in accordance with local policy and NHS guidance.

The Sponsor holds insurance against claims from participants for harm
caused by their participation in this clinical study. Participants were also able
to claim compensation if they could prove that the hospital has been
negligent. However, since this clinical study was carried out in a hospital, the
hospital continued to have a duty of care to the participant of the clinical
study. Hull Royal Infirmary did not accept liability for any breach in the

hospital’s duty of care, or any negligence on the part of hospital employees.

2.6 Sample size calculations

A formal sample size calculation was not initially applied as this was a
preliminary study in these patient populations and aimed to inform the design
of future studies within these cohorts. Whilst studies had been previously
carried out in healthy volunteers insufficient data was obtainable for
calculations to be possible. As such the number of participants was a sample
of convenience for this exploratory study and was expected to demonstrate
significant differences between experimental conditions. A review of the
literature determined that similar physiological studies commonly found
significant results with n=6-10 (318)
As such the intention was to recruit 15 patients in the following groups:

e (Claudicants (following amendment see Chapter 4 and discussion)

e Post-op infrainguinal bypass grafts

e Varicose veins

During the trial period it was established that there were changes in the flow
measurements obtained in the passive limbs (i.e. the contralateral limb to
that receiving direct stimulation). The data from the proof of concept studies
was utilised to perform a sample size calculation for further study

76



randomising patients to either a control group or a stimulation group. This
established that based on standard normality assumptions, to achieve 90%
power of detecting a 10% increase in arterial flow with peroneal nerve

stimulation with 5% significance 30 patients would be required.

The addition of the third group i.e. the control group who received no active
stimulation, to the study would enable further analysis to determine if the
changes seen in the passive limb were due to systemic effects of the

stimulation.

2.7 Participant screening and recruitment

The potential participants for the studies were identified from outpatient
clinics, multidisciplinary team meetings and from hospital inpatients, by their
clinical team. All patients were assessed for eligibility and if eligible the
potential for inclusion was discussed with the patient by the Chief Investigator
and the patient information leaflet was issued.

Written consent was obtained only after a verbal explanation of the aims,
methods, anticipated benefits and potential hazards of the trial and the
provision of patient information sheet. Patients were clearly informed that
participation in the study was voluntary and that refusal to participate would
in no way disadvantage them. No patients were recruited if they lacked
capacity and if it was deemed that capacity was lost during the trial period
then the patient was removed from the trial.
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Table 10: Study inclusion and exclusion criteria

Inclusion

Criteria

Exclusion
criteria

Claudicants

Age > 18 years

Intermittent claudication

Absence of
haematological disorder
or DVT

Intact cutaneous
sensations to
nocioception

Intact, healthy skin at
application site

Effective contraception if
sexually active

Able to give informed
consent

Able to follow protocol
requirements

Haematological
disorder/ DVT in past 6
months

Pacemaker or
implantable defib(388)

Use of TENS or
neuromodulator

Recent surgery/ trauma
to limbs

Recent significant
illness

Obesity, BMI >34

Recent use of
investigational drug or
device

Pregnant or planning
pregnancy

Use of significant
medications

Infra-inguinal bypass

Age > 18 years

Post op infra-inguinal
vein bypass graft

Absence of
haematological disorder
or DVT

Intact cutaneous
sensations to
nocioception

Intact, healthy skin at
application site

Effective contraception if
sexually active

Able to give informed
consent

Able to follow protocol
requirements

Haematological
disorder/ DVT in past 6
months

Pacemaker or
implantable defib

Use of TENS or
neuromodulator

Recent surgery/ trauma
to limbs

Recent significant illness

Obesity, BMI >34

Recent use of
investigational drug or
device

Pregnant or planning
pregnancy

Use of significant
medications

Varicose veins

Age > 18 years

Bilateral superficial
venous insufficiency

Absence of
haematological
disorder or DVT

Intact cutaneous
sensations to
nocioception

Intact, healthy skin at
application site

Effective contraception
if sexually active

Able to give informed
consent

Able to follow protocol
requirements

Haematological
disorder/ DVT in past 6
months

Pacemaker or
implantable defib(388)

Use of TENS or
neuromodulator

Recent surgery/
trauma to limbs

Recent significant
illness

Obesity, BMI >34

Recent use of
investigational drug or
device

Pregnant or planning
pregnancy

Use of significant
medications
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2.8 Outcome measures

Research question 1

The ease of application, tolerability and acceptability of the geko™ device to

vascular patients

1.

2.

Ease of application questionnaire to be completed by health care

professional following device application

Patient completed questionnaire, following intervention, including a

visual analogue scale.

Research question 2

Patient related factors associated with geko™ device failure

1.
. Stimulation level required to produce twitch

Presence or absence of muscle twitch

2
3. Age

4. Smoking status
5. Neuropathy score
6.
7
8
9
1

Calf circumference

. ABPI

. Presence of oedema

. Concomitant medications
0.Co-morbidities

Research question 3

The effect of the geko™ electrical stimulation device on arterial, venous and

microcirculatory flow in patients with intermittent claudication

1.

Arterial flow in the superficial femoral artery (Duplex ultrasound
bilaterally at baseline and after 30 minutes of stimulation):

Mean and maximal arterial velocity (measured in
triplicate and mean taken as result)

Artery diameter (measured in triplicate and mean taken

as result)
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Arterial volume flow (measured in triplicate and mean

taken as result)

2. Venous flow in the superficial femoral vein (Duplex ultrasound
bilaterally at baseline and following 40 minutes of stimulation):
Mean and maximal venous velocity (measured in
triplicate and mean taken as result)
Vein diameter (measured in triplicate and mean taken as
result)
Venous volume flow (measured in triplicate and mean

taken as result)
3. Microcirculatory flow (Laser Doppler flowmetry and skin temperature-
dorsum of the first web space bilaterally)
Recorded continuously throughout study period (mean

reading over 5 minutes taken at 15 minute intervals)

4. Blood pressure and heart rate- baseline, 30 minutes and following

device removal
5. Calf circumference- baseline and following device removal
6. ABPI

N.B. the final 10-12 patients recruited to each study, who were

randomised to active or control stimulation were analysed separately.

7. Tolerability questionnaire

Research question 4
The effect of the geko™ electrical stimulation device on arterial, venous and

microcirculatory flow in patients with infra-inguinal bypass for PAOD

80



1. Arterial flow in the infrainguinal bypass graft [see study 3]

2. Venous flow in the superficial femoral vein [see study 3]

3. Microcirculatory flow [see study 3]

4. Blood pressure and heart rate- baseline, 30 minutes and following
device removal

5. Calf circumference- baseline and following device removal

6. ABPI

7. Pulse wave velocity

8. Augmentation index

9. Cardiac output

10. Peripheral vascular resistance

N.B. the final 10 patients recruited, who were randomised to active or
control stimulation were analysed separately.

11. Tolerability questionnaire

Research question 5
The effect of the geko™ electrical stimulation device on arterial, venous and

microcirculatory flow in patients with superficial venous insufficiency.

Arterial flow in the superficial femoral artery [see study 3]
Venous flow in the superficial femoral vein [see study 3]
Microcirculatory flow [see study 3]

A WO DN~

Blood pressure and heart rate- baseline, 30 minutes and following
device removal

5. Calf circumference- baseline and following device removal

N.B. the final 10 patients recruited, who were randomised to active or control
stimulation were analysed separately.

6. Tolerability questionnaire
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Research question 6
The impact of the geko™ electrical stimulation device on plasma levels of
vascular endothelial growth factor, plasminogen activator inhibitor and tissue

activator

1. Baseline levels of t-PA, PAI-1 and VEGF (bilateral femoral
puncture under ultrasound guidance)

2. Plasma t-PA, PAI-1 and VEGF following 45 minutes of peroneal
nerve stimulation (bilateral femoral puncture under ultrasound
guidance)

3. Arterial flow in the superficial femoral artery [see study 3]
Venous flow in the superficial femoral vein [see study 3]

2.9 Study Interventions
2.9.1 Screening evaluation

Having obtained informed consent the participants were invited to a
screening assessment. In this meeting the baseline data was collected
including demographics, medical, smoking and drug history. Patients also
underwent a physical examination including vital signs. The gekoT'\’I device
was trialled on the individuals to establish the appropriate setting and position
and a neurological examination was completed for the first 100 participants
on whom the device was trialled. For those individuals in whom the device
was ineffective their participation in the study was discontinued [Research

question 2J.
Following the determination that the device failed to produce visible muscle
twitch in a significant proportion of the patients screened, analysis was

undertaken to determine possible responsible factors. This led to the
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amendment of the protocol to exclude patients with critical limb ischaemia
and include patients with claudication.

2.9.2 Study day methods

On the study day the examinations were carried out in a designated
temperature controlled clinical room in the Vascular Lab at Hull Royal
Infirmary. Participants were required to abstain from vigorous exercise,
nicotine, caffeine and fatty foods prior to their examination and were required
to wear light garments with their legs exposed.

Only after ensuring adherence to the protocol inclusion and exclusion criteria
did the study commence.

The geko™ device was unilaterally applied to outer/ posterior aspect of the
knee whilst the subjects were semi-recumbent on a padded examination
couch, with their knees slightly flexed. The patrticipants were given 30
minutes in the quiet, environmentally controlled room prior to commencement

of measurements to enable equilibration.

The final 10-12 patients recruited to each study were randomised, using a
sealed envelope technique, to either a control group (device applied but
inactive) or a stimulation group (device applied unilaterally and activated).

Both groups followed the protocol with identical measurements taken.

Baseline measurements were recorded following this acclimatization. These
included:

e Blood pressure

e Heartrate

e Respiratory rate

e (Calf circumference

e ABPI
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e Mean and maximal arterial velocity (measured in triplicate and mean
taken as result)
e Artery diameter (measured in triplicate and mean taken as result)
e Arterial volume flow (measured in triplicate and mean taken as result)
e Mean and maximal venous velocity (measured in triplicate and mean
taken as result)
e Vein diameter (measured in triplicate and mean taken as result)
e Venous volume flow (measured in triplicate and mean taken as result)
e Laser Doppler (mean reading over 5 minutes)
[Research questions 3, 4 and 5]
Blood was taken from one femoral vein for:
e VEGF
e t-PA
e PAI-1
[Research question 6]

Following the collection of baseline recordings all participants for active
stimulation had the stimulation intensity of the geko™ device increased until
visible muscle stimulation was evident (concentric isotonic contractions) or
until patient tolerance was reached as per Cramp et al (389). Patients who
were not for active stimulation had the device applied as above but not
turned on [Research question 3, 4 and 5].

The infra-inguinal bypass participants also underwent Vicorder analysis at
baseline comprising recording of augmentation index, peripheral vascular

resistance, cardiac output and pulse wave velocity [Research study 4].

After 30 minutes of stimulation the following measurements were repeated:
e heart rate
e Dblood pressure

e Maximal arterial velocity (measured in triplicate and mean taken as

result)

e Artery diameter (measured in triplicate and mean taken as result)
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e Arterial volume flow (measured in triplicate and mean taken as result)
[Research studies 3, 4 and 5]

At 40 minutes:
e Maximal venous velocity (measured in triplicate and mean taken as
result)
e Vein diameter (measured in triplicate and mean taken as result)
e Venous volume flow (measured in triplicate and mean taken as result)
[Research studies 3, 4 and 5]

At 45 minutes blood was taken from both femoral veins for VEGF, PAI-1, t-
PA antigen and full blood count [Research study 6].

The device was then deactivated. The individuals with infra-inguinal bypass
grafts had the Vicorder recordings repeated immediately following device
deactivation [Research study 4].

The participants then remained at rest in the same position for a further 30
minutes. Following this repeated measurements were made of:

e Blood pressure

e Heartrate

e Respiratory rate

e (Calf circumference

e ABPI
[Research studies 3, 4 and 5]

The participants in whom the device was active were asked to complete a
Patient tolerance/ acceptability Questionnaire using Visual Analogue Scores
and Verbal Rating Scores following removal of geko™ device (see appendix)

[Research study 1].
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2.9.3 Neuropathy assessment

As aforementioned the neuropathy seen in patients with vascular disease
may be multifactorial. There is no validated score to determine the degree of
neuropathy in patients with vascular disease. As such the decision was made
to utilize the Toronto Neuropathy Scoring System to determine the extent of
the patient’s neuropathy. This is well validated for use in patients with
diabetic peripheral neuropathy with results corresponding well with the
presence of diabetic sensorimotor polyneuropathy as measured with sural
nerve morphology and electrophysiology. It has also been shown to have
good intra and inter-rater reliability (295, 390).

Table 11: Toronto Clinical Neuropathy Scoring System

Symptom scores Reflex scores Sensory test scores
Foot: Pain Knee reflexes Pinprick
Numbness
Tingling
Weakness
Ataxia Ankle reflexes Temperature
Upper limb symptoms Light touch
Vibration
Position

Sensory testing was performed on the first toe.
Symptom scores: present _ 1; absent _ 0.
Reflex scores: absent_2; reduced_1, normal_0.
Sensory test score: abnormal_1. normal_0.

Total scores range from normal _ 0 to maximum of 19.

2.10 Equipment

2.10.1 Laser Doppler

The laser Doppler provides a non-invasive, measurement of the local
microcirculatory flow in capillaries, arterioles and venules (391, 392). It can
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therefore be used to measure changes with provocations such as the
application of the geko™. Laser Doppler has been established as a good
method for distinguishing patients with peripheral arterial occlusive disease
from healthy individuals (393, 394). The technique has been validated

against other techniques utilized to assess skin blood flow (395, 396).

The technique utilizes a laser beam which is emitted from a fibre optic probe.
The light is both scattered and absorbed by the tissues and upon hitting
moving objects i.e. blood cells, a change in wavelength occurs known as
Doppler shift. The number and velocity of the blood cells is directly
proportional to the change in wavelength which is detected by fibres within
the probe. The resultant perfusion values are reported as perfusion units,
which are arbitrary units and as such comparisons must be made with
baseline values to determine change.

Calibration of the machine is imperative to ensure accuracy and is performed
utilizing a fluid known as Motility standard. At a given temperature the
Doppler perfusion for this fluid is constant due to Brownian motion i.e. the
random moving of suspended patrticles in fluid (397).

For the purpose of this study the instruments utilized were the Laser Doppler
Perfusion and Temperature Monitor DRT4; Moor Instruments Ltd, UK. The
probes were attached to the dorsum of both feet, in the first web space or
closest ulcer free area. The signals were recorded throughout the study
period.

2.10.2 Duplex Ultrasound
All ultrasound assessments were undertaken by the author who has a
Postgraduate Certificate in diagnostic vascular imaging and has over 300

hours of practical scanning experience.

The Toshiba Aplio XG scanner with a 7.5MHz linear array transducer was
used for the duration of the study. The equipment was compliant with all the
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necessary technical standards (398), regularly maintained (399) and
calibrated (400).

Image optimization is imperative to ensure that measurements are accurate
and reproducible, reducing inter and intra-operator discrepancies. Every
patient is an individual with differing body habitus and subtle anatomical
variances and therefore modifications were made to the fundamental
ultrasound control settings, thereby altering the beam characteristics, to

ensure the best image was obtained (401).

B-mode settings

In order to clearly and accurately demonstrate the anatomy of the arteries
and veins in transverse and longitudinal views the focal zone was set to the
depth of the vessels to be imaged.

The depth of the image was adjusted in order to focus in on the vessel
required. It is known that greater field of views than necessary results in the
display of irrelevant deeper structures and as such reduces spatial resolution
secondary to a reduced frame rate. Images appear darker due to increased
tissue attenuation. As such the accuracy of measurements will decline with
increasing depth (402, 403). The callipers utilized for measurements have
limited increment sizes, usually one pixel. Thus to ensure measurement
accuracy related to calliper placement and increments the appropriate depth
was selected (404).

The gain and TGC were tailored to optimize the imaging for each vessel.
Excessive gain results in increased image ‘noise’ and increased beam width
and therefore reduced lateral and contrast resolution (405). Increased beam

width is known to reduce measurement accuracy (406).

Doppler settings:

Colour gain (CDG) was optimized as it is known that too much reduces
image quality, obscuring the true Doppler signal, due to colour in non-flow
areas, termed oversaturation or excessive ‘noise’, distorting flow continuity.
This is known to result in potentially missing or incorrectly characterizing
intra-luminal thrombus (407). Failure to optimize CDG can also result in
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overestimation of vessel dimensions due to increased spatial distribution of
colour signals (408). If too low the system is unable to detect small Doppler
shifts i.e. slow flow (409). This can result in a diagnosis of no flow i.e.
occlusion not stenosis. The gain is responsible for ‘the spatial representation
of the limits of an abnormal flow jet’ (410).

The setting of CDG involved increasing until ‘noise’ was encountered before
lowering until it cleared (411, 412). This ensured no colour in non-flow areas
and no zero-velocity sections in areas of actual blood flow (413). Frequent

adjustments to the gain were performed whilst scanning.

The colour Doppler scale (CDS) was optimized for the vessel being imaged.
Correct CDS setting is imperative to successfully display signal echoes (409).
If too high no flow may be detected, as low flows may be lost in noise and
wall filter (411). A patent vessel with slow flow, may therefore appear
occluded or thrombosed (409). Rescanning utilizing low velocity settings may
enhance trickle flow (414). If the scale is too low aliasing occurs i.e. the
production of ambiguous signals when the frequency of returning echo
signals is greater than the Nyquist frequency/sampling rate. When the flow
velocity is greater than half the PRF, the direction and speed are inaccurately
displayed, as the signals are ‘folded round’ into lower frequencies (409, 414),
as seen in the centre of vessels due to higher velocity laminar flow (409).
Aliasing can result in a high velocity post stenotic jet being missed (414).

Sonographic protocol

The vessels were identified in B mode transversely before the appropriate
longitudinal section was selected. The position of the probe was marked in
permanent marker on the patient to ensure correct positioning for subsequent
measurements.

The spectral Doppler function was activated. The sample volume (gate size)
was adjusted. A spectral trace of the flow within the vessel was obtained,
ensuring appropriate gain and scale settings were utilized. The trace was
then frozen prior to activating the Volume flow function. The spectral callipers

were positioned to include a full screen width of good quality full waveforms.
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The B-mode callipers were positioned on the vessel walls to obtain the
diameter. Volume flow in ml/min was automatically displayed.

Whilst the ability to obtain volume flow measurements was first reported in
1981(415) it is only with the improvements in hardware and software than
such measurements have become more accurate (416). Studies have
previously shown that if the sampling volume covers the entire vessel lumen,
the incident angle is less than 60° and the sample time is maximized that the
measurements are reproducible and comparable to thermal dilution
techniques(417). However despite this many publications have documented
errors associated with volume flow measurements (418-420), as such three
measurements were made at each time point for each vessel and the mean

calculated.

Ultrasound Doppler measurements of arterial flow velocity and blood volume
flow within the superficial femoral artery (5 cm distal to bifurcation), or within
the infra-inguinal bypass graft, were taken bilaterally at baseline (rest) and 30
minutes while the device was active. In cases of superficial femoral artery
occlusion measurements of the most distal section of the common femoral
artery were recorded.

Ultrasound Doppler measurements of flow velocity and blood volume flow
within the superficial femoral vein were taken bilaterally at baseline (rest) and
40 minutes while the geko™ was active.

2.10.3 Vicorder

The Vicorder system utilizes two cuffs which are placed over arterial
segments and inflated to 65mmHg. The oscillometric signal is digitally
analyzed to determine the pulse transit time and hence the pulse wave
velocity. The velocity of the pulse wave is calculated by dividing the distance
between the transducers (measured in metres) by the time taken for the
wave to travel that distance (measured in seconds). The system can also be
used to measure peripheral resistance, MAP(421), SEVR, stroke volume and
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cardiac output with a single easy to use technique requiring no skilled users
(422) or expensive consumables.

A study to compare the assessment of pulse wave velocity with the Vicorder
device and the SphygmoCor device, which has been previously
demonstrated to have excellent reproducibility, was undertaken. Following
obtainment of ethical approval patients with symptomatic peripheral arterial
occlusive disease i.e. intermittent claudication were approached for inclusion
into the study. Consenting participants underwent initial assessment which
included history, including smoking status and medications and clinical
examination. Baseline measurements of heart rate, blood pressure and BMI
were recorded. The diagnosis of peripheral arterial occlusive disease was
confirmed with ankle brachial pressure measurements (included if ABPI <

0.9) and arterial duplex.

Each participant underwent two measurements of carotid femoral pulse wave
velocity utilising both the SphygmoCor and Vicorder devices, on a single visit.
Manufacturers guidelines were followed when performing the measurements
which were undertaken following participants resting for 10 minutes in a

supine position in a climate controlled environment.

SPSS was utilised for statistical analysis. Intra-rate reproducibility was
assessed utilising the Bland-Altman method, intraclass correlation coefficient
and the coefficient of variation. The pulse wave velocity measurements
obtained with each device were compared utilising Bland- Altman plot and
Students paired T-test. The correlation between the values obtained with the
two devices was assessed utilising Pearson’s correlation coefficient (r) and
linear regression. A P value < 0.05 was considered to be statistically

significant.

Pulse wave analysis

At baseline, pre-device activation a pulse wave analysis was performed by
placing the brachial cuff at the level of the brachial artery. The cuff was
connected to the Vicorder device. Data pertaining to the patient’s age, height
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and weight was inputted. The cuff auto-inflated and waveforms displayed on
the screen. The amplitude of the waveforms was adjusted as required. Upon
freezing the screen measurements of cardiac output, stroke volume,

peripheral vascular resistance etc. were automatically displayed.

Pulse wave velocity

Pulse wave velocity is accepted as the gold standard measurement of arterial
stiffness as it is non-invasive and has been shown to be reproducible. It is
influenced by the thickness of the vessel wall i.e. degree of hypertrophy, its
radius, the blood pressure and the density of the blood i.e. its constituents. It
is measured between the carotid and femoral artery as this is the gold
standard technique(60).

After performing pulse wave analysis the aortic pulse wave velocity was
measured. A neck pad was placed around the participant’s neck with the
pressure pad over the right Carotid area and secured with the Velcro fixing. A
second cuff was placed around the participant’s upper thigh on the treatment
limb. The cuffs were connected to the Vicorder and the distance between
Supra-Sterna Notch and thigh cuff in centimetres measured and entered into
the computer. The cuffs were inflated to 65mmHg and displayed waveforms
adjusted for amplitude if required. After acquiring several steady pulses of
data the screen was frozen. Pulse Wave Velocity and Transit Time were
automatically computed and displayed.

Figure 5: Cuff placement for the Vicorder
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These recordings were repeated immediately following deactivation of the
geko™ device.

2.11 Sample collection, processing and storage
2.11.1 Sample collection

In both studies 15 to 20 ml samples were drawn from the femoral vein
unilaterally using a 21 gauge needle, under ultrasound visualisation, at
baseline i.e. pre-stimulation period and bilaterally at 45 minutes into the
stimulation period.

2.11.2 Storage

Approximately 3mls of blood was decanted into a purple EDTA bottle and
sent immediately to the Haematology lab at Hull Royal Infirmary for Full blood
count analysis, to include platelet count.
The remainder of the participant’s samples were decanted into citrate bottles
and inverted a minimum of 5 times within the bottles to ensure complete
mixing and then centrifuged at 1500 x g for 15 minutes (after 30 minutes).
Plasma was then decanted into 1ml aliquots and labelled for freezing at -
80°C. Samples were immediately placed in a -20° freezer and transfer to the
-80° freezer occurred within 4 hours.
Prior to assay the frozen sample was brought to room temperature slowly
and mixed gently.
Samples were labelled with:

Participant’s initials

Participant number

Laterality and timing of the sample
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Sample stability

eBioscience have demonstrated in studies that there is no significant loss of
t-PA immunoreactivity detected by freezing and thawing or during storage.
eBioscience have demonstrated in studies that if samples were thawed and
refrozen repeatedly VEGF immuno-reactivity significantly decreased. As such
samples were thawed only one. They also demonstrated that VEGF immuno-
reactivity was not affected by storage at -80°c.

PAI-1 immuno-reactivity was found to be stable despite repeated freeze and

thaw in studies by eBioscience and no loss was detected during storage.

2.11.3 ELISA assay methods

The ELISA analysis was undertaken at the University of Hull in the Centre for
Biomedical Research. Commercially available functional assays were utilized
(eBioscience Platinum ELISA kits). All samples were processed in duplicate
and if the results were within 5% the mean utilized. If the variability between
sample duplicates was greater than 5% the samples were rerun.

2.11.3.1 Tissue Plasminogen Activator ELISA

A commercially available functional assay for the quantitative detection of
human t-PA was utilized to process samples for t-PA. The kits were stored at
2-8°C and were brought to room temperature (8-25°C) prior to use.

Reproducibility

Independent experiments by eBioscience determined the overall intra-assay
coefficient of variation to be 3.6%. The inter-assay coefficient of variation
(CV) was calculated to be 6.5%. The use of commercial tests kits negated

the need for further inter and intra plate CV calculation in this small study.

2.11.3.1.1 Assay principle
The anti-human t-PA coating antibody is coated on the microwells. The

biological fluid samples and standard solutions are added and the Human t-
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PA present binds to the adsorbed antibodies. The HRP- conjugated anti-
human t-PA antibody is then added and also binds to the prebound human t-
PA. After the incubation period the unbound HRP- conjugated anti-human t-
PA is washed out with a substrate solution, reactive to HRP. The product
formed is coloured in direct proportion to the human t-PA concentration
present in the well. The reaction is stopped by adding phosphoric acid and
the absorbance at 450nm measured.

2.11.3.1.2 Reagents and chemicals

In addition to the microtitre plate with 96 wells, several reagents are required.

Table 12: Reagents and chemicals for t-PA ELISA

Reagent Description Preparation

HRP- Conjugate anti-human  Detecting antibody 1:1000 dilution of

t-PA polyclonal antibody concentrate with assay
buffer

Human t-PA standard Standard solution Reconstitute as per vial
instructions

Assay Buffer Concentrate PBS with 1% Tween 20 and Diluted to final volume of

10% BSA 100ml with distilled water

Wash buffer Concentrate PBS with 1% Tween 20 Diluted to final volume of
1000ml with dionized
water

Substrate solution Tetramethyl- benzidine

Stop solution 1M Phosphoric acid

2.11.3.1.3 t-PA Assay procedure

Each well was washed with approximately 400uL of the wash buffer,
thoroughly aspirating the contents between washes. 100uL of the sample
diluents in duplicate was added to each standard well. To the first 2 wells (A1
and A2) 100uL of the prepared standard was added. The contents were
mixed by aspiration and ejection of the well contents. 100uL from each of
these wells was then transferred to B1 and B2 and mixed. This procedure
was repeated 5 times to create the standard dilutions of concentrations
1000.0 to 15.6 pg/ml. N.B. 100uL of the contents of the last two microwells

were discarded.
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100uL of the sample diluent was added in duplicate to the blank wells and
90uL to the sample wells. 10uL of each biosample was added in duplicate to
the sample wells.

50uL of the prepared HRP- Conjugate was added to all wells. The microwells
were then covered with an adhesive film and incubated at room temperature
(18-25°C) for 2 hours.

The adhesive film was then removed and the wells emptied and washed 6
times. Immediately following this100uL of the TMB substrate solution was
added to each well and incubated at room temperature for around 10
minutes. 100uL of the stop solution was added when the highest standard
had developed a dark blue colour and/or had reached an OD of 0.9- 0.95 by
ELISA reader.

The absorbance of each microwell was read by spectro-photometer, using
450NM as the primary wave length.

2.11.3.1.4 Calibration of results

The plate reader absorbance values were recorded for each well, standard
and sample, subtracting the absorbance measured in the blank wells. A
standard curve was created by plotting the mean absorbance of each
standard concentration against the human t-PA concentration. A best fit
curve was then drawn through the points on the graph. The concentration of
circulating t-PA was then determined by utilizing the mean absorbance value
for each sample.

2.11.3.2 Plasminogen Activator Inhibitor-1 ELISA Method

A commercially available functional assay for the quantitative detection of
human PAI-1 was utilized to process samples for PAI-1. The kits were stored
at 2-8°C and were brought to room temperature (8-25°C) prior to use.

Reproducibility

Independent experiments by eBioscience determined the overall intra-assay
coefficient of variation to be 4.7%. The inter-assay coefficient of variation was
calculated to be 5.0%. The use of commercial tests kits negated the need for
further inter and intra plate CV calculation in this small study.
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2.11.3.2.1 Assay Principle

The anti-human PAI-1 antibody was coated onto each microwell. This binds

any Human PAI-1 present in either the sample or standard. The addition of a

biotin-conjugated anti-human PAI-1 antibody leads to further binding of the

captured PAI-1. Following incubation any biotin-conjugated anti-human PAI-1

antibody which is unbound was removed by washing. The streptavidin-HRP

was added and bound the biotin-conjugated anti-human PAI-1 antibody. Any

streptavidin- HRP unbound following incubation was removed by washing.

The substrate solution, reactive with HRP wass added resulting in the

formation of a coloured product. The amount of this is proportional to the

amount of human PAI-1 in the sample or standard. The addition of acid

terminated the reaction. The absorbance was measured at 450nm and the

values for the standard dilutions used to prepare a standard calibration curve.

2.11.3.2.2 Reagents and chemicals

In addition to the microtitre plate with 96 wells, several reagents were

required.

Table 13: Reagents and chemicals for PAI-1 ELISA

Reagent

Biotin- Conjugate anti-
human PAI-1 polyclonal
antibody
Streptavidin-HRP

PAI-1 standard

Assay buffer concentrate

Wash buffer concentrate

Substrate solution

Stop solution

Description

Detecting antibody

10000 pg/ml upon
reconstitution

PBS with 1% Tween 20 and
10% BSA

PBS with 1% Tween 20

Tetramethyl-benzidine

1M phosphoric acid

Preparation

1:100 dilution with assay
buffer

1:200 dilution with assay
buffer

Reconstitute as per vial
instructions

Dilute to final volume 100ml
with distilled water

Dilute to final volume 1000ml
with deionised water
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2.11.3.2.3 PAI-1Assay procedure

The samples were prediluted 1:50 with the Assay buffer i.e. 10uL sample to
490uL Assay buffer. The microwells were washed twice with 400uL per well,
thoroughly aspirating the contents between washes. The wash buffer was left
for 10-15 seconds in the wells before aspiration. The wells were then emptied
and used immediately.

100uL of the Assay buffer was added in duplicate to all the standard wells.
To the first 2 wells (A1 and A2) 100uL of the prepared standard was added.
The contents were mixed by aspiration and ejection of the well contents.
100uL from each of these wells was then transferred to B1 and B2 and
mixed. This procedure was repeated 5 times to create the standard dilutions
of concentrations 5000 to 78pg/ml. 100uL of the contents of the last 2
microwells was discarded.

100puL of the Assay buffer was added in duplicate to the blank wells and
50uL to the sample wells. 50uL of the prediluted samples was added in
duplicate to the sample wells. 50uL of Biotin- Conjugate was added to all
wells. The trays were then covered with an adhesive film and incubated at
room temperature (18 to 250C) for 2 hours. The adhesive film was then
removed and the wells emptied and washed three times.

100pL of diluted Streptavidin-HRP was added to all wells and the trays
recovered and incubated at room temperature for one hour. The adhesive
film was then removed and the wells emptied and washed three times.
100pL of the TMB substrate solution was added to all wells and the trays
incubated at room temperature for 10 minutes. 100uL of the stop solution
was added when the highest standard had developed a dark blue colour
and/or had reached an OD of 0.9- 0.95 by ELISA reader. The absorbance of
each microwell was read immediately after by spectro-photometer, using
450NM as the primary wave length.

2.11.3.2.4 Calibration of results

The plate reader absorbance values were recorded for each well, standard
and sample, subtracting the absorbance measured in the blank wells. A
standard curve was created by plotting the mean absorbance of each
standard concentration against the human PAI-1 concentration. A best fit
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curve was then drawn through the points on the graph. The concentration of
circulating PAI-1 was then determined by utilizing the mean absorbance

value for each sample.

2.11.3.3 Vascular Endothelial Growth Factor ELISA Method
A commercially available functional assay for the quantitative detection of
human VEGF-A was utilized to process samples for VEGF-A. The kits were

stored at 2-8°C and were brought to room temperature (8-25°C) prior to use.

Reproducibility

Independent experiments by eBioscience determined the overall intra-assay
coefficient of variation to be 6.2%. The inter-assay CV was calculated to be
4.3%. The use of commercial tests kits negated the need for inter and intra
plate CV calculation in this small study.

2.11.3.3.1 Assay principle

The anti-human VEGF-A antibody was coated onto each microwell. The
human VEGF-A present in the standard or sample binds to these antibodies.
The wells were incubated and following this washed to remove any unbound
biological components. The biotin-conjugated anti-human VEGF-A antibody
was added and bound to the captured human VEGF-A. A further incubation
was carried out before the unbound biotin-conjugated anti-human VEGF-A
antibody was removed by washing. The Streptavidin-HRP was added and
bound to the biotin-conjugated anti-human VEGF-A antibody. The unbound
Streptavidin HRP was washed out following incubation. The product formed
was coloured in proportion to the amount of human VEGF-A in the sample or
standard. The reaction was stopped by the addition of acid solution prior to
the absorbance being measured at 450nm. The values for the standard
dilutions were used to prepare a standard calibration curve.

99



2.11.3.3.2 VEGF ELISA Reagents and Chemicals

In addition to the microtitre plate with 96 wells, several reagents were

required.

Table 14: Reagents and chemicals for VEGF-A ELISA

Reagent

Biotin- Conjugate anti-

human VEGF-A polyclonal

antibody
Streptavidin-HRP

VEGF standard

Assay buffer concentrate

Wash buffer concentrate

Description

Detecting antibody

2 ng/ml upon reconstitution

PBS with 1% Tween 20 and
10% BSA

PBS with 1% Tween 20

Preparation

1:100 dilution with assay
buffer

1:100 dilution with assay
buffer

Reconstitute as per vial
instructions

Dilute to final volume 100ml
with distilled water

Dilute to final volume 1000ml

with deionised water

Substrate solution Tetramethyl-benzidine

Stop solution 1M phosphoric acid

2.11.3.3.3 Assay procedure

The microwells were washed with 400uL of the wash buffer, allowing the
buffer to sit in the well for 15 seconds before thorough aspiration of the
microwell contents between washes, and finally emptied. 100uL of the Assay
buffer was added in duplicate to all the standard wells. To the first 2 wells (A1
and A2) 100uL of the prepared standard was added. The contents were
mixed by aspiration and ejection of the well contents. 100uL from each of
these wells was then transferred to B1 and B2 and mixed. This procedure
was repeated 5 times to create the standard dilutions of concentrations 1000
to 15.6pg/ml. 100uL of the contents of the last 2 microwells was discarded.
100uL of the sample diluents was added in duplicate to the blank wells and
50uL to the sample wells. 50uL of each sample was added in duplicate to the
sample wells. The plates were then covered with an adhesive film and
incubated for 2 hours at room temperature (18 -25°C) on a microplate shaker
at 100rpm.
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The film was then removed and the wells emptied and washed 6 times.
100uL of the biotin-conjugate was then added to each well before incubating
at room temperature on the shaker for a further hour. The film was then
removed and the wells emptied and washed 6 times. 100uL of the diluted
Streptavidin-HRP was added to all wells, including the blanks. Incubation
was undertaken for an hour on the microplate shaker and the wells emptied
and washed 6 times. 100uL of the TMB Substrate solution was added to all
wells. The strips were incubated for approximately 30 minutes.

100uL of the stop solution was added when the highest standard had
developed a dark blue colour and/or had reached an OD of 0.9- 0.95 by
ELISA reader. The absorbance of each microwell was read immediately after
by spectro-photometer, using 450NM as the primary wave length.

2.11.3.3.4 Calibration of results

The plate reader absorbance values were recorded for each well, standard
and sample, subtracting the absorbance measured in the blank wells. A
standard curve was created by plotting the mean absorbance of each
standard concentration against the human VEGF-A concentration. A best fit
curve was then drawn through the points on the graph. The concentration of
circulating VEGF-A was then determined by utilizing the mean absorbance

value for each sample.

2.12 Statistical analysis

All data was transcribed into a secure dedicated database (Microsoft Excel).
All analyses were performed utilising SPSS (Chicago, Il, USA). No
assumptions were made prior to analysis regarding the direction of
relationships and no imputation of missing data was attempted.

For the purpose of statistical analysis the studies were divided into the
original ‘Proof of concept’ study results comprising 2 groups:

Active; limb on which the device was active
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Passive; contralateral limb to the active limb

The final 10-12 patients recruited who were randomised to active or control
stimulation was analysed according to:

Active; limb on which the device was active

Passive; contralateral limb to the active limb

Control; limb on which the device was applied but not turned on i.e.
trial participants, with the vascular condition concerned, who did not receive

active stimulation.

This was to enable us to ascertain whether:

a. The device has any haemodynamic effects

b. The haemodynamic effects were local (i.e. confined to the limb on
which the device was active) or systemic

c. Similar effects are seen by participants remaining in the trial position

with an inactive device applied.

2.12.1 Continuous data

Prior to any analysis of continuous data histogram analysis was performed to
establish the distribution. If the data appeared normally distributed the
Kolmogorov statistic or Shapiro Wilk statistic was utilized to confirm this, with

a P value > 0.05 indicating normality.

Normally distributed data was described as mean (95% confidence interval)
or mean (standard deviation). For data not normally distributed it was

described as median (interquartile range).

Hypothesis testing was performed comparing groups as per distribution and
whether it was paired or unpaired. N.B. paired data is that which is before
and after in the same patient, whilst unpaired data is that from different

patients.
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The P value represents the probability of the null hypothesis being true (423)
(i.e. no difference between the data). P values are quoted to 3 decimal
places with values of less than 0.05 being considered significant i.e.

suggesting rejection of the null hypothesis.

The comparison of baseline characteristics between the control and active
groups i.e. intergroup analysis was performed using the unpaired student T
test (424) for normally distributed data and Mann Whitney U test (425) for
non-normally distributed data.

The ANOVA test was utilized to compare the changes in mean values seen
in the 3 groups. If statistical significance was demonstrated post hoc
Bonferroni testing was employed to characterize the difference.

2.12.2 Categorical data

Simple categorical data is presented as percentages. The primary test
utilized was Pearson’s Chi squared test (426). If more than 20% of the
expected frequencies were <5 or if any were <1 then the Fisher’'s exact test
was utilized (427).

2.12.3 Linear Regression analysis
Secondary analysis of covariates determined to be significant predictor of

device failure on univariable analysis was carried out using linear regression

analysis.
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2.12.4 Intraclass correlation coefficient

To determine the reliability/ reproducibility of the ultrasonographic
measurements taken as part of the study the intraclass correlation coefficient
was performed for each type of measurement taken. A P value of < 0.05 was
considered to be statistically significant.
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Chapter Three: Results- Research
Question 1: Tolerability and ease of
application

3.1 Patients

20 questionnaires (see appendix) were completed over a 2 week period by 3
members of the research team applying the device to inpatients on the
vascular ward. The patients’ clinical pathways varied as demonstrated in
Figure 6.

Figure 6: Patient pathway

B medical
M pre-opvascular

post op vascular

M post op orthopaedics

M non-surgery vascular

The indication for use were: DVT prevention 50%, DVT prevention and
reduction of oedema 5%, DVT prevention and promotion of wound healing
20%, oedema reduction10%, promotion of wound healing 5% and treatment

of venous stasis and/or ischaemia 10%.
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3.1.1 Ease of application of the geko™ device

15% of patients were lying flat in bed, 10% of patients were mobile and
ambulatory, 40% sitting in a chair and 35% sitting up in bed. In 25% of events
the device was reported to be very easy to fit, 50% easy and 5% difficult. The
operator was unable to obtain visible muscle twitch in 20% of patients. In
those where visible twitch was obtainable the device positioning took
between 1 and 5 minutes in 56% of cases. The ease of application was not

affected by patient position (P = 0.276).

The device was reported to be easy/ very easy to start and stop in 80% of
cases and to change settings in 95% of cases. The mean setting required to
produce a visible twitch was 5.3 (SD 2.18).

The mean number of hours that the devices were worn was 8.19 (SD 8.41).
Partial or complete detachment occurred in 30% of individuals, in 3 cases the
head became detached, 2 the tail and in one case complete detachment
occurred. The mean time of wear before detachment was 8.17 hours (SD
8.68). In all cases the device was reapplied without difficulty.

3.1.2 Functionality of the geko™ device in vascular patients

During initial trials it was determined that the geko™ device was unable to
stimulate a visible twitch in 20% of the patients trialled. To determine the
cause of this and attempt to establish a cohort of patients in whom the device
would not be beneficial data was collected to enable the analysis of possible

factors which may be associated with failure.
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3.2 Tolerability of the geko™ device

The sixty five trial participants, for whom the device was active, completed a
questionnaire regarding the tolerability of the device (see appendix). 38
participants (58.5%) reported that the device was very comfortable to wear
whilst the remainder found it comfortable (41.5%). The participants were also
given a visual analogue scale, from 0-10, to mark according to the level of
distress they experienced whilst wearing the device. The mean score was
0.34 (SD 0.47).

Figure 7: Visual analogue scale
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52 participants (80%) recorded that the device stuck very well to their leg with
only 3 patients noting that the device became partially detached during the

trial. In all cases the device was easily reapplied.

The patients were also asked how their leg felt after wearing the device. 10
patients (15.4%) reported a mild improvement in their symptoms, 1 patient
(1.5%) reported a positive improvement, 5 patients (7.7%) reported a
reduction in the heavy feeling or swelling of the limb and the remainder
reported no difference (75.4%).

Of the patients who demonstrated visible muscle twitch the device was
reported to be comfortable in 44% and very comfortable in 56%. Three
patients wore the device overnight and were asked to report on the quality of
their sleep, two reported that it was unchanged from normal whilst the third
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reported an improvement in sleep. The patients were also asked to comment
on the overall effect of the device: 50% reported no change in their
symptoms, 31% a mild improvement and 19% a moderate improvement.

No post study complications were experienced by any patient involved in the

studies.
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Chapter Four: Research Question 2:
Factors determining the efficacy of the
geko™ device to produce visible muscle

twitch

4.1 Patient factors affecting device functionality

Following the discovery that the device fails to produce visible muscle
stimulation in a proportion of patients it was deemed imperative to establish
contributing factors for non-responders. Data pertaining to age, disease, co-
morbidities, body mass index, calf circumference, presence of oedema,
concomitant medications and Toronto neuropathy score was collected for
100 patients trialled with the device.

The patients suffered from a range of vascular disorders: AAA (13%),
claudication (57%), critical limb ischaemia (4%), post-op femoro-popliteal
bypass graft (7%), post-angioplasty (1%), diabetic ulcers (8%), varicose
veins (5%) and healthy volunteers (5%). The subjects were divided into two
groups as per response to the geko™ device, namely visible twitch and no
twitch.
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Table 15: The impact of patient characteristics on efficacy of gekoT"’I

Twitch
N =59
Age in years (median (IQR)) 67 (IQR 10)
Sex: M 35
F 24
Hypertension: Y 36
N 23
Hypercholesterolaemia: Y 47
N 12
Ml/ angina: Y 18
N 41
CVA/TIA: Y 6
N 53
Diabetes: Y 6
N 53
Current smoker: Y 17
N 42

* Independant samples median test

~Chi squared

No Twitch
N=41

73 (IQR 11)
31

10

24

17

31

10

13

28

9

32

19

22

4

37

P value

0.002*
0.094~

0.803~

0.631~

0.899~

0.112~

<0.001

0.028~

14

Increasing age and diabetes had a statistically significant negative impact on

device function whilst smoking appeared to confer a positive benefit for

device function on univariate analysis.

110



Table 16: The impact of concomitant medications on gekoT"’I efficacy

Twitch No twitch P value
N =59 N=41
Aspirin: Y 46 29 0.412~
N 13 12
Statin: Y 45 30 0.725~
N 14 11
ACEl: Y 20 12 0.626~
N 39 29
Codeine/ Tramadol: Y 10 6 0.756~
N 49 35
Gabapentin/ pregabalin: Y 1 6 0.037~
N 58 35
Oxycontin/ morphine: Y 2 5 0.111~
N 57 36

~Chi squared

Use of gabapentin or pregabalin had a negative impact on device function.

Table 17: The impact of examination findings on gekoT"’I efficacy

Twitch No twitch P value
Obese**:
BMI >30 9 8 0.093~
BMI < 30 44 15
Oedema:
None or mild 56 15 <0.001~
Moderate or severe* 3 26
Calf circumference**:
<35cm 31 10 0.097~
235cm 22 16
ABPI:
<0.8 6 4 0.295
20.8 53 36
Neuropathy score:
<5 55 13 <0.001~
25 4 28

~Chi squared
*Oedema was classified as mild (foot and ankle only), moderate (extending > 5cm proximal
to the medial malleolus) and severe (extending proximal to the fibular head).

** Parameter unavailable for certain subjects
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The presence of oedema and higher neuropathy score had a detrimental
impact on the ability of the device to produce visible muscle twitch on

univariable analysis.

Only the presence of moderate/ severe oedema (Odds ratio (OR) 161.245,
95% confidence interval (Cl) 18.978-1370.007; P < 0.001) and a neuropathy
score of greater than 5 (OR: 168.368, 95% CI 18.096- 1566.532; P < 0.001)

retained prognostic impact in a multivariate analysis.

Following the determination that the device failed to produce visible muscle
twitch in patients with the most significant arterial disease and as such
greater degrees of neuropathy and oedema the protocol was amended to
include patients with claudication and exclude those with critical limb

ischaemia.
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Chapter Five: Research question 3:
The haemodynamic efficacy of peroneal
nerve electrical neuromuscular stimulation
in claudicants

5.1 Claudication Study population

A total of 54 potential participants were identified from out-patient clinics and
the NHS Trust Supervised exercise programme. All were contacted by letter
with an attached patient information sheet.

30 participated in the study. 6 patients were unable to participate in the study
as there was no effect from the device. 18 patients were not willing to
participate in the study (Figure 8).

Figure 8: Reasons for subject non participation

R iven for subject non- participati

M just not interested

M too busy

M too many hospital appointments
H too old

M unable to get time off work

M works out of region

Of those who participated the mean age was 67.73 years, 19 males and 11
females. 11 participants suffered from bilateral claudication and 19 unilateral,
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affecting the calf only in all but 2 cases where the patients also experienced a
degree of thigh claudication. The mean claudicating distance was 173 yards
(SD 170).

5.2 Proof of concept study

5.2.1 Examination findings: ABPI

The mean ABPI at baseline in the active limbs was 0.69 (SD 0.21) and passive
limbs 0.97 (SD 0.17). This was statistically significant on unpaired T test (P < 0.001).
The mean change in ABPI from baseline in the active limbs was 0.12 (SD 0.11) [P <
0.001 Paired T test] and passive limbs was -0.04 (SD 0.12) [P = 0.141 Paired T
test]. A comparison of the difference between changes seen in the two groups was
statistically significant (P = 0.034 Unpaired T test) (Figures 9, 10).

Figure 9: Scatter graph: Active limbs (limb on which device was active); change in ABPI in
study period (n = 20)
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Figure 10: Scatter graph: Passive limbs (contralateral limb to active limb); Change in ABPI in
the study period (n = 20)
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Calf circumference

The mean calf circumference at baseline in the active limbs was 34.5cm (SD 3.4)

and passive limbs 34.6cm (SD 3.2).The difference was not statistically significant on

Unpaired T test (P = 0.890).

The mean change in calf circumference from baseline was -0.56cm (SD 0.73) [P =
0.003 Paired T test] in the active limbs and -0.32cm (SD 0.43) [P = 0.003 Paired T

test] in the passive limbs. A comparison of the difference in the change seen was

not statistically significant (P = 0.223 Unpaired T test).

5.2.2 Haemodynamic efficacy of geko™ in claudicants: Proof of concept

study

5.2.2.1 Assessment of reliability of haemodynamic measurements

The intra-class correlation coefficient was utilised to determine the intra-rater
reliability of the ultrasound measurements collected in the study(428). The intra-
observer reliability assessed the reproducibility of the observer for each

measurement technique (Table 18). In this study, each measurement was made in

triplicate and the mean utilised for all subsequent analysis.

Table 18: Intraclass correlation coefficient analysis of ultrasound measurements

Measurement

Intraclass correlation coefficient (P)

Arterial maximum flow velocity.

0.949

Arterial mean flow velocity 0.960
Arterial vessel diameter 0.990
Arterial volume flow 0.971
Venous maximum flow velocity 0.828
Venous mean flow velocity 0.937
Venous vessel diameter 0.985
Venous volume flow 0.954

Thus it is possible to see that there was high intra-rater reliability for all ultrasound

measurements performed as part of this study within the Claudicant population.
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5.2.2.2 Arterial duplex

5.2.2.2.1 Maximum arterial velocity

The mean baseline maximal arterial velocity in the active limbs was 69.73 (SD
51.32) and passive limbs 81.44 (SD 27.69) cm/sec. Comparison of the groups
demonstrated no statistical significance (P = 0.375) in the baseline values.

The change from baseline in the groups were 7.12 (SD 33.21) [P = 0.350 Paired T
test] and -2.58 (SD 12.66) [P = 0.374 Paired T test] cm/sec in the active and passive
groups respectively equating to percentage changes of 33.48% (SD 59.00) and -
1.03% (SD 16.11). The differences in the change seen between the active and
passive limbs were not statistically significant (P = 0.230 Unpaired T test) (Figures
11,12,13).
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Figure 11: Maximal arterial velocity change from baseline

Error bar chart demonstrating the maximal arterial velocity and at baseline at 30 minutes in the active
and passive groups [the mean is represented as a circle and the confidence interval is represented by
a line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl) (n= 20)
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Figure 12: Active stimulation limbs: Change in maximum arterial velocity (cm/sec) from
baseline with 30 minutes of stimulation (n = 20)
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Figure 13: Passive stimulation limbs: Change in maximum arterial velocity (cm/sec) from
baseline with 30 minutes of stimulation (n = 20)
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5.2.2.2.2 Mean arterial velocity

The baseline mean arterial velocity in the active limbs was 9.10 (SD 4.25) and
passive limbs 10.21 (SD 5.96) cm/sec. The difference between the limbs was not
statistically significant (P = 0.502 Unpaired T test).

The change from baseline with the device was 2.21 (SD 2.23) [P <0.001 Paired T
test] and passive limbs -0.12 (SD 3.56) cm/sec [P = 0.884 Paired T test] in the
active and passive limbs respectively equating to percentage changes of 31.39%

(SD 35.76) and 21.9% (SD 79.92) respectively. The difference in the changes seen
between the groups was statistically significant (P = 0.018 Unpaired T test) (Figures

14, 15, 16).

118



Figure 14: Mean arterial velocity change from baseline

Error bar chart demonstrating the mean arterial velocity at baseline and at 30 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 15: Active stimulation limbs: Change in mean arterial velocity (cm/sec) from baseline
with 30 minutes of stimulation (n = 20)
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Figure 16: Passive stimulation limbs: Change in mean arterial velocity (cm/sec) from baseline
with 30 minutes of stimulation (n = 20)
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5.2.2.2.3 Arterial diameter

The mean arterial diameter at baseline in the active limbs was 5.60 (SD 0.75) and
passive limbs was 6.18 (SD 1.11) millimetres (mm). The difference between the
baseline value in the groups was not statistically significant (P = 0.064 Unpaired T
test).

The change from baseline with stimulation was 0.15 (SD 0.35) [P = 0.072 Paired T
test] and -0.02 (SD 0.28) mm [P = 0.765 Paired T test] in the active and passive
limbs respectively equating to percentage changes of 3.15% (SD 8.04) and -0.34%
(SD 5.12). Unpaired T test analysis demonstrated this difference in the change
between the limbs was not statistically significant (P = 0.101).

5.2.2.2.4 Arterial volume flow

The mean arterial flow at baseline in the active limbs was 0.22 (D 0.12) and passive
limbs 0.29 (SD 0.17) litres/min (L/min). Flow at baseline was comparable between
the two groups (P = 0.176 Unpaired T test).

The change from baseline with stimulation was 0.06 (SD 0.05) [P<0.001 Paired T
test] and -0.01 (SD 0.08) L/min [P = 0.742 Paired T test] in the active and passive
limbs respectively equating to percentage changes of 38.9% (SD 47.8) and 1.91%
(SD 26.7). Unpaired T test analysis demonstrated that the difference in the change
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seen between the active and passive limbs was statistically significant (P = 0.004)
(Figure 17,18,19).

Figure 17: Arterial volume flow change from baseline

Error bar chart demonstrating the arterial volume flow at baseline and at 30 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 18: Active stimulation limbs: Change arterial volume flow (L/min) from baseline with 30
minutes of stimulation (n = 20)
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Figure 19: Passive stimulation limbs: Change arterial volume flow (L/min) from baseline with 30
minutes of stimulation (n = 20)
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5.2.2.3 Venous duplex
5.2.2.3.1 Venous maximum velocity

The baseline mean maximum venous velocity in the active limbs was 15.40 (SD
3.20) and the passive limbs 17.54 (SD 5.98) cm/sec. Comparison of the baseline
values demonstrated the differences between the groups to be insignificant (P =
0.166 Unpaired T test).

The change from baseline with stimulation in the active limbs was 4.96 (SD 7.14) [P
= 0.006 Paired T test] and passive limbs-1.83 (SD 3.69) cm/sec [P = 0.039 Paired T
test]. Comparison of the changes from baseline in the 2 groups demonstrated that
this was statistically significant (P = 0.001 Unpaired T test) (Figures 20,21,22).
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Figure 20: Maximal venous velocity change from baseline

Error bar chart demonstrating the maximal venous velocity at baseline and at 40 minutes in the active
and passive groups [the mean is represented as a circle and the confidence interval is represented by
a line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 21: Active stimulation limbs: Change in maximum venous velocity (cm/sec) from

baseline with 40 minutes of stimulation (n = 20)
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Figure 22: Passive stimulation limbs: Change in maximum venous velocity (cm/sec) from

baseline with 40 minutes of stimulation (n = 20)
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5.2.2.3.2 Venous mean velocity

The average mean velocity in the active limbs at baseline was 5.65 (SD 1.71) and

the passive limbs 6.14 (SD 3.20) cm/sec. Comparison of the baseline values
demonstrated the difference to be insignificant (P = 0.552 Unpaired T test).

The change from baseline with stimulation in the active limbs was 1.35 (SD 1.90) [P
= 0.005 Paired T test] and passive 0.156 (SD 1.07) cm/sec [P = 0.525 Paired T test].

Comparison of the changes from baseline in the active and passive groups

demonstrated that that the differences between groups were statistically significant

(P =0.019 Unpaired T test) (Figures 23,24,25).
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Figure 23: Mean venous velocity change from baseline

Error bar chart demonstrating the mean venous velocity at baseline and at 40 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 24: Active stimulation limbs: Change in mean venous velocity (cm/sec) from baseline

with 40 minutes of stimulation (n = 20)
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Figure 25: Passive stimulation limbs: Change in mean venous velocity (cm/sec) from baseline
with 40 minutes of stimulation (n = 20)

20 P =0.525 Paired T test
8 18
< 16
§
s 14
=
§ 12 —
g 10 L
w
g 8 /—
c — =
g 6 e
> i
g * ?‘ ==
S 2

0

Baseline 40 mins

5.2.2.3.3 Venous diameter

The average venous diameter at baseline in the active limbs was 5.88 (SD 1.05)
and the passive limbs 6.03 (SD 1.05) mm. Comparison of the baseline value
between the groups demonstrated an insignificant difference (P = 0.653 Unpaired T
test).

The change from baseline with stimulation in the active limbs was 0.21 (SD 0.90) [P
= 0.298 Paired T test] and passive 0.03 (SD 0.34) mm [P = 0.727 Paired T test]. The
difference in change from baseline in the 2 groups was not statistically significant (P
= 0.387 Unpaired T test).

5.2.2.3.4 Venous volume flow

The mean volume flow at baseline in the active limbs was 0.16 (SD 0.06) and the
passive limbs 0.165 (SD 0.07) L/min. Comparison of the baseline values
demonstrated an insignificant difference (P = 0.643 Unpaired T Test),

The change from baseline with stimulation in the active limbs was 0.03 (SD 0.04) [P
= 0.001 Paired T test] and passive 0.00 (SD 0.04) L/min [P = 0.935 Paired T test].
Comparison of the difference in change from baseline in the 2 groups was
statistically significant (P = 0.010 Unpaired T test) (Figures 26,27,28).
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Figure 26: Venous volume flow change from baseline

Error bar chart demonstrating the venous volume flow at baseline and at 40 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 27: Active stimulation limbs: Change in venous volume flow (L/min) from baseline with
40 minutes of stimulation (n = 20)
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Figure 28: Passive stimulation limbs: Change in venous volume flow (L/min) from baseline with
40 minutes of stimulation (n = 20)

0.4 P=0.935
Paired T test
— 0.35 ~Z
c
—

E 0.3
=
S -t
3 025 ——
2 02 —
£ —>
3 vt»'
@ g‘
o 01 ———
c N
]
> 005

0

Baseline 40 mins

5.2.2.4 Skin perfusion/ Laser Doppler flowmetry

There was no appreciable change in skin temperature during the study period.
Baseline temperature in the active group was 29.24 (SD 2.05) and passive group
29.42°C (SD 1.84). The difference in baseline values was not statistically significant
(P =0.772 Unpaired T test).

The change in temperature from baseline was 0.14 (SD 0.96)[P = 0.536 Paired T
test], passive group 0.03°C (SD 0.87) [P = 0.899 Paired T test]. The differences in
change from baseline between the two groups was not statistically significant (P =
0.706 Unpaired T test).

Baseline microcirculatory flow in the active groups was 14.79 (SD 4.71) and the
passive group 25.17 (SD 4.84) flux units. The difference in baseline values seen in
the groups was statistically significant (P = 0.043).

The change at 15 minutes from baseline in the active group was 19.36 (SD 19.52)
[P <0.001 Paired T test], in the passive group was -1.39 (SD 11.03) flux units [P =
0.580 Paired T test]. Analysis of the differences seen between the active and
passive groups demonstrated statistical significance (P < 0.001 Unpaired T test).
The change at 30 minutes from baseline in the active groups was 21.39 (SD 15.02)
[P <0.001 Paired T test] and passive 0.18 (SD 8.97) flux units [P = 0.929 Paired T
test]. Analysis of the differences in the changes seen demonstrated statistical
significance (P <0.001 Unpaired T test).

128



The change at 45 minutes from baseline in the active group was 20.61 (SD 19.2) [P
< 0.001 Paired T test] and passive -1.88 (SD 7.36) flux units [P = 0.269 Paired T
test]. Analysis of the differences in the changes seen demonstrated statistical
significance (P <0.001 Unpaired T test).

The change at 15 minutes following device deactivation in the active groups was
5.40 (SD 9.41) [P = 0.019 Paired T test] and passive -4.57 (SD 8.83) flux units [P =
0.032 Paired T test]. Analysis of the differences in the changes seen demonstrated
statistical significance (P = 0.001 Unpaired T test) (Figure 29).

Figure 29: Laser Doppler flowmetry change from baseline

Error bar chart demonstrating the laser Doppler flowmetry at baseline and at 40 minutes in the active
and passive groups [the mean is represented as a circle and the confidence interval is represented by
a line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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5.2.2.5 Cardiovascular effects

The mean heart rate at baseline was 69.25 (SD 11.83) and decreased to 64.50 (SD
9.89) beats per minute (bpm) 30 minutes after initiation of stimulation (P = 0.001
Paired T test). The heart rate increased to 65.20 bpm (SD 11.19) following
deactivation of the device (P = 0.374 Paired T test).

There were no significant changes in systolic blood pressure with device activation
(P = 0.691 Paired T test) or deactivation (P = 0.085 Paired T test).
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There were no significant changes in mean diastolic blood pressure on device
activation (P = 0.880 Paired T test) or deactivation (P = 0.123 Paired T test).

5.3 Randomised patients

5.3.1 Baseline Characteristics

The final 10 participants were randomised to either active stimulation (i.e.
one limb received active stimulation and other limb deemed passive) or a
control group (i.e. stimulation device applied but not activated). Statistical
analysis of the patients in the active and control groups was carried out to
establish if they were comparable (Tables 19, 20, 21).

Table 19: Comparison of the baseline characteristics of participants in the active and control
groups

Active Control P value
N=5 N=5
Age (median) 65 (IQR 11) 78 (IQR 16) 0.206*
Sex 3F, 2M 3F. 2M 1.000~
Current smoker 1 2 0.500~
Pack years 31.4 (SD 14.9) 20.6 (SD 19.3) 0.3514
EtOH Yes 3 Yes 4 0.500~
EtOH units/ week 6.8 (SD 12.0) 4.6 (SD 4.8) 0.713*
BMI 27.4 (SD 4.7) 28.6 (SD 4.1) 0.678"
Symptoms location Calfonly 5 Calf only 5 1.000~
Patient reported 88.0 (SD 21.7) 120 (SD 44.7) 0.188%
claudication distance
(yards)
Claudication duration 27.8 (SD 24.3) 13.2 (SD 13.1) 0.2727
(months)
ABPI 0.78 (IQR 0.18) 0.78 (IQR 0.39) 1.000*
Previous procedures Yes 2, No 3 Yes 0, No 5 0.222~

* Independent samples median test

A Unpaired T test (NB Shapiro Wilk test utilised to establish normality of distribution

for data. P> 0.05 in all cases)

~ Fishers exact test



Table 20: Comparison of participant co-morbidities between active and control groups

Diabetes

Cerebrovascular

disease

Hypertension

Cardiovascular

disease

Respiratory

* Fishers exact test

Table 21: Comparison of concomitant medications in the active and control groups

Antiplatelet
Aspirin

Clopidogrel

Beta blocker
ACE inhibitor

Statin

* Fishers Exact Test

Active
N=5
Yes 0, No 5

Yes 0, No 5

Yes 4, No 1
Yes 1, No 4

Yes 1, No 4

Active
N=5

Yes 4, No 1
Yes 3, No 2
Yes 1,No 4
Yes 0, No 5
Yes 2, No 3
Yes 4, No 1

Control
N=5
Yes 2, No 3

Yes 1, No 4

Yes 3, No 2
Yes 1, No 4

Yes 1, No 4

Control
N=5

Yes 4, No 1
Yes 4, No 1
Yes 0, No 5
Yes 0, No 5
Yes 2, No 3
Yes 2, No 3

P value

0.222*

0.500*

0.500*
0.778*

0.778*

P value

0.778*
0.500*
0.500*
0.778*
0.778*
0.262*

It is possible to see that the groups of patients, active and control, were similar in all

regards.
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5.3.2 Randomised patients: Haemodynamic Efficacy of geko™ in
claudicants

5.3.2.1 Arterial duplex
5.3.2.1.1 Maximum arterial velocity

The baseline values for mean maximal arterial velocity were active limbs (limb on
which the device was active) 76.62 (SD 17.23), passive (contralateral limb to active)
60.63 (SD 11.79) and control (limb on which device was applied but not activated)
90.38 (SD 36.89) cm/sec. The difference in baseline values was not significant [P =
0.191 ANOVA]. The mean change in maximum arterial velocity from baseline in the
active limbs was 19.06 (SD 8.43) (Paired T test P = 0.007); passive 2.73 (SD 5.18)
(Paired T test P = 0.304) and control limbs 0.62 (SD 15.67) cm/sec (Paired T test P
= 0.904) cm/ second equating to percentage changes of 24.43%, 3.79% and 0.38%
respectively (Figures 30-33).

Figure 30: Maximal arterial velocity change from baseline

Error bar chart demonstrating the maximal arterial velocity at baseline and at 30 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 31: Active stimulation limbs: Change in maximum arterial velocity (cm/sec) from

baseline with 30 minutes of stimulation (n = 5)
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Figure 32: Passive limbs: Change in maximum arterial velocity (cm/sec) from baseline with 30

minutes of stimulation of contralateral limb (n = 5)
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Figure 33: Control limbs: Change in maximum arterial velocity (cm/sec) from baseline with 30
minutes of device applied to limbs but not activated (n = 10)
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The difference in change from baseline between the active and passive groups was
statistically significant (Unpaired T Test: P = 0.003) whilst not significant when
comparing the passive and control limbs, P = 0.633 (Unpaired T Test). ANOVA
analysis demonstrated statistical significance P = 0.005, which was further
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investigated with post hoc Bonferonni analysis: active versus passive limbs P =
0.037, active versus control limbs P = 0.005 and control versus passive limbs: P =
1.000

5.3.2.1.2 Mean arterial velocity

The baseline values for mean arterial velocity in the groups was: active 14.66 (SD
6.30); passive 11.89 (SD 5.43) and control 14.83 (SD 9.57) cm/sec. The baseline
values were not statistically significantly different (P = 0.788 ANOVA). The change
in mean arterial velocity from baseline in the active limbs was 4.60 (SD 4.02)[Paired
T Test P = 0.063], passive limbs - 0.73 (SD 1.70)[Paired T test P = 0.393] and
control limbs was -0.89 (SD 0.98) cm/ sec [Paired T Test P = 0.019] equating to
percentage changes of 29.79%, -3.76% and -7.59% respectively. The difference in
change from baseline between the active and passive groups was statistically
significant (Unpaired T Test: P = 0.014). Passive vs control P = 0.485 (Unpaired T
test). ANOVA analysis of the change from baseline for the 3 groups was statistically
significant (P<0.001) with post hoc Bonferonni demonstrating: active vs control P =
< 0.001, active vs passive P = 0.002 but passive vs control P = 1.000 (Figures 34-
37).
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Figure 34: Mean arterial velocity change from baseline

Error bar chart demonstrating the mean arterial velocity at baseline and at 30 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the

confidence: 95% Cl)
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Figure 35: Active stimulation limbs; Change in mean arterial velocity (cm/sec) from baseline
with 30 minutes of stimulation (n = 5)
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Figure 36: Passive limbs: Change in mean arterial velocity (cm/sec) from baseline with 30

minutes of stimulation of contralateral limb (n = 5)
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Figure 37: Control limbs: Change in mean arterial velocity (cm/sec) from baseline with 30
minutes of device applied to limbs but not activated (n = 10)
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5.3.2.1.3 Arterial diameter

The baseline values for arterial diameter were active 5.21 (SD 1.08), passive 5.39
(SD 1.13) and control limbs 5.97 (SD 0.80) mm. The difference in baseline values
was not statistically significant [P = 0.314 ANOVA]. The mean change in arterial
diameter in the active group was -0.05 (SD 0.156)[Paired T test P = 0.491], passive
group 0.013 (SD 0.038)[Paired T test P = 0.489] and control group 0.006 (SD 0.437)
mm [Paired T test P = 0.659], equating to percentage changes of -1.34%, 0.23%
and 0.16% respectively.

The difference in change from baseline between the active and passive groups was
not statistically significant (Unpaired T Test: P = 0.378), passive vs control P = 0.834
(Unpaired). ANOVA analysis to investigate the change in diameter from baseline
demonstrated the differences in change seen in each group was statistically
insignificant (P = 0.322) (Figure 38).

Figure 38: Arterial diameter change from baseline

Error bar chart demonstrating the arterial diameter at baseline and at 30 minutes in the active, passive
and control groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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5.3.2.1.4 Arterial volume flow

The baseline arterial volume flow in the active limbs was 0.287 (SD 0.10), passive
0.240 (SD 0.06) and control 0.417 (SD 0.27) L/min. The difference in baseline
values was not statistically significant [P = 0.257 ANOVA]. The mean change in
mean arterial volume flow in the active limbs was 63.6 (SD 21.94) (Paired T test P =
0.003), passive limbs -9.4 (SD 13.67) (Paired T test P = 0.199) and control limbs -
12.0 (SD 17.02) (Paired T Test P = 0.053) equating to percentage changes of
23.44%, -3.82% and -3.85% respectively.

The difference in change from baseline between the active and passive groups was
statistically significant (Unpaired T Test: P < 0.001) but not when comparing the
passive and control groups (Unpaired T test P = 0.992). This was confirmed on
ANOVA analysis (P < 0.001) with post hoc Bonferonni: active versus passive P <
0.001; active versus control P < 0.001 and passive versus control P = 1.000
(Figures 39-42).
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Figure 39: Arterial volume flow change from baseline

Error bar chart demonstrating the arterial volume flow at baseline and at 30 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 40: Active stimulation limbs: Change in arterial volume flow (L/min) from baseline with

30 minutes of stimulation (n = 5)
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Figure 41: Passive limbs: Change in arterial volume flow (L/min) from baseline with 30 minutes

of stimulation of contralateral limb (n = 5)
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Figure 42: Control limbs: Change in arterial volume flow (L/min) from baseline with 30 minutes

of device applied to limbs but not activated (n = 10)
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5.3.2.2 Venous duplex

5.3.2.2.1 Max venous velocity:

Baseline maximum venous velocity in the active limbs was 14.29 (SD 1.37), passive
limbs 13.17 (SD 2.14) and control limbs 15.51 (SD 1.85) cm/sec. ANOVA analysis
determined the difference in baseline values was not statistically significant (P =
0.695). The mean change in maximum venous velocity in the active limbs was 6.86
(SD 5.71) (Paired T test P = 0.055), passive limbs 1.04 (SD 1.41) (Paired T test P =
0.174) and control limbs 0.219 (SD 1.76) cm/sec [Paired T test P = 0.702] equating
to percentage changes of 52.64%, 9.70% and 1.22% respectively.

The difference in change from baseline between the active and passive groups was
not statistically significant [Unpaired T Test: P = 0.063] whilst not for passive and
control [Unpaired T test P = 0.383]. ANOVA analysis determined that the differences
in the changes from baseline were significant (P = 0.004) and post hoc Bonferonni
demonstrated: active versus passive P = 0.027; active versus control P = 0.004 and
control versus passive P = 1.000 (Figures 43-46).

Figure 43: Maximal venous velocity change from baseline

Error bar chart demonstrating the maximum venous velocity at baseline and at 40 minutes in the
active, passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 44: Active limbs: Change in maximum venous velocity (cm/sec) from baseline with 40

minutes of stimulation (n = 5)
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Figure 45: Passive limbs: Change in maximal venous velocity (cm/sec) from baseline with 40

minutes of stimulation of contralateral limb (n = 5)
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Figure 46: Control limbs: Change in maximal venous velocity (cm/sec) from baseline with 40
minutes of device applied to limbs but not activated (n = 10)
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5.3.2.2.2 Mean venous velocity

The baseline values for mean venous velocity in the active limbs was 5.99 (SD
1.43), passive limbs 5.73 (SD 1.59) and control limbs 7.08 (SD 4.32) cm/sec.
ANOVA analysis determined that the difference in baseline values was not
statistically significant (P = 0.712).

The change in mean venous velocity in the active limbs was 2.13 (SD 1.86) [Paired
T test P = 0.063], passive 0.09 (SD 0.59) [Paired T test P = 0.744] and control limbs
0.00 (SD 0.56) cm/sec [Paired T test P = 0.978] equating to percentage changes of
38.38%, 0.53% and 1.12% respectively.

The difference in change from baseline between the groups was statistically
significant (ANOVA P = 0.004). Post hoc Bonferonni demonstrated that: active
versus passive P = 0.018; active versus control P = 0.005 and control versus
passive P = 1.000 (Figure 47).
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Figure 47: Mean venous velocity change from baseline

Error bar chart demonstrating the mean venous velocity at baseline and at 40 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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5.3.2.2.3 Venous diameter

The baseline values for mean venous diameter were active 5.98 (SD 1.24), passive
7.01 (SD 1.02) and control 7.31 (SD 0.72) mm. ANOVA analysis determined that the
difference in baseline values was not statistically significant [P = 0.057].The mean
change in mean venous diameter was active limbs 0.006 (SD 0.07) [Paired T test P
= 0.857], passive -0.15 (SD 0.07) [Paired T test P = 0.647] and control 0.000 (SD
0.15) mm [Paired T test P = 0.998] equating to percentage changes of 0.27%,
0.26% and -0.01% respectively.

The difference in change from baseline between the groups was not statistically
significant (ANOVA P = 0.957) (Figure 48).
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Figure 48: Venous diameter change from baseline

Error bar chart demonstrating the venous diameter at baseline and at 40 minutes in the active, passive
and control groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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5.3.2.2.4 Venous volume flow

The baseline venous volume flow in the active limbs was 0.17 (SD 0.09), passive
limbs 0.20 (SD 0.06) and control limbs 0.27 (SD 0.10) L/min. The difference in
baseline values between the groups was not significant (ANOVA P = 0.147). The
change in mean venous volume flow from baseline in the active limbs was 0.053
(SD 0.049) [P = 0.076 Paired T test], passive limbs -0.003 (SD 0.007) [P = 0.307
Paired T test] and control limbs 0.002 (SD 0.011) L/min [P = 0.559 Paired T test]
equating to percentage changes of 41.87%, -1.20% and 1.04% respectively.

The difference in venous volume flow from baseline between the groups was
statistically significant (ANOVA P = 0.004). Post hoc Bonferonni demonstrated:
active versus passive P = 0.009; active versus control P = 0.007 and control versus
passive P = 1.000 (Figures 49- 52).
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Figure 49: Venous volume flow change from baseline

Error bar chart demonstrating the venous volume flow at baseline and at 40 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 50: Active limbs: Change in venous volume flow (L/min) from baseline with 40 minutes of
stimulation (n = 5)
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Figure 51: Passive limbs: Change in venous volume flow (L/min) from baseline with 40 minutes
of stimulation of contralateral limb (n = 5)
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Figure 52: Control limbs: Change in venous volume flow (L/min) from baseline with 40 minutes
of device applied to limbs but not activated (n = 10)

P

o
>
«

N

o
>

0.35

== S
0.25 ‘ ——
o —

0.15

o
w

o
[N

Ll

o
o

P =0.559
0.05 Paired T test

Venous volume flow L/min

Baseline 40mins

5.3.2.3 Skin perfusion/ Laser Doppler flowmetry

There was no appreciable change in skin temperature during the study period.
Baseline temperature in the active group was 29.16 (SD 2.10), passive group 29.38
(SD 1.79) and control group 27.62 (SD 1.48) °C. The difference in baseline values
was not statistically significant [P = 0.127 ANOVA].

The change in temperature from baseline was 0.28 (SD 0.68)[P = 0.409 Paired T
test], passive group 0.28 (SD 0.66) [P = 0.397 Paired T test] and control group -0.23
(SD 0.31) °C [P = 0.045 Paired T test]. The differences in change from baseline
between the two groups was not statistically significant [P = 0.114 ANOVA].
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Baseline microcirculatory flow in the active groups was 14.38 (SD 11.12), the
passive group 18.76 (SD 8.44) and control group 16.68 (SD 8.10) flux units. The
difference in baseline values seen in the groups was not statistically significant [P =
0.746 ANOVA]. The change at 15 minutes from baseline in the active group was
21.52 (SD 20.95) [P = 0.083 Paired T test], the passive group 3.36 (SD 12.20) [P =
0.571 Paired T test] and control group -3.94 (SD 8.08) [P = 0.157 Paired T test].
Analysis of the differences seen between the groups demonstrated statistical
significance [P = 0.009 ANOVA].

The change at 30 minutes from baseline in the active groups was 25.88 (SD 19.23)
[P = 0.040 Paired T test], passive 1.14 (SD 7.89) [P = 0.763 Paired T test] and
control group -4.22 (SD 7.28) [P = 0.100 Paired T test]. Analysis of the differences in
the changes seen was demonstrated to be statistically significant [P = 0.001
ANOVA].

The change at 45 minutes from baseline in the active group was 32.14 (SD 27.42)
[P = 0.059 Paired T test], passive 2.90 (SD 10.52) [P = 0.571 Paired T test] and
control group -3.65 (SD 8.45) [P = 0.205 Paired T test]. Analysis of the differences in
the changes seen demonstrated statistical significance [P = 0.002 ANOVA].

The change at 15 minutes following device deactivation in the active groups was
7.50 (SD 6.00) [P = 0.049 Paired T test], passive 1.76 (SD 14.33) [P = 0.797 Paired
T test] and control group -3.69 (SD 7.79) [P = 0.168 Paired T test]. Analysis of the
differences in the changes seen demonstrated non-significance [P = 0.120 ANOVA]
(Figure 53).
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Figure 53: Laser Doppler flowmetry change from baseline

Error bar graph demonstrating mean laser Doppler flowmetry readings through the study
period in each group. [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the
limits of the confidence: 95% CI)
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5.3.2.4 Cardiovascular effects

The mean heart rate at baseline in the active group was 79.40 (SD 6.02) and 72.20
(SD 3.77) beats per minute in the passive group. Comparison of the baseline values
demonstrated statistical significance [P = 0.101 Unpaired T test].

After 30 minutes of stimulation the heart rate decreased by 0.80 (SD 3.70) in the
active group [P = 0.784 Paired T test] and in the control group 7.00 (SD 6.48) [P =
0.073 Paired T test]. Comparison of the changes demonstrated non-significance [P
= 0.778 Unpaired T test].

The heart rate decreased by 1.80 (SD 3.70) [P = 0.338 Paired T test] in the active
group and 1.20 (SD 1.92) in the control group [P = 0.235 Paired T test] following
deactivation of the device. Unpaired T test analysis of the changes demonstrated
non-significance [P = 0.122].

Systolic blood pressure at baseline in the active group was 138.20 (SD 13.33) and
control 136.60 (SD 24.28) mmHg. Comparison of baseline values determined them
to be comparable [P = 0.397 Unpaired T test]. Systolic BP increased at 30 minutes
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by 5.90 (SD 8.92) in the active group [P = 0.213 Paired T test] and decreased by
0.50 (SD 16.16) in the control group [P = 0.948 Paired T test]. Comparison of the
differences seen demonstrated insignificance [P = 0.371 Unpaired T test]. Systolic
BP decreased from 30 minutes to the end of the study period in the active group by
4.90 (SD 13.79) [P = 0.472 Paired T test] and increased by 6.40 (SD 14.53) [P =
0.380 Paired T test] mmHg in the control group. Comparison of the differences seen
demonstrated insignificance [P = 0.799 Unpaired T test].

Diastolic blood pressure at baseline in the active group was 80.40 (SD 7.70) and
control 72.40 (SD 14.24) mmHg. Comparison of baseline values determined them to
be comparable [P = 0.400 Unpaired T test]. Diastolic BP increased at 30 minutes by
0.10 (SD 4.14) in the active group [P = 0.960 Paired T test] and increased by 5.70
(SD 6.82) in the control group [P = 0.135 Paired T test]. Comparison of the
differences seen demonstrated insignificance [P = 0.333 Unpaired T test]. Diastolic
BP increased from 30minutes to the end of the study period in the active group by
1.20 (SD 2.86) [P = 0.402 Paired T test] and 2.30 (SD 8.07) [P = 0.558 Paired T
test] mmHg in the control group. Comparison of the differences seen demonstrated
insignificance [P = 0.058 Unpaired T test].
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Chapter Six: Research question 4:

The haemodynamic efficacy of peroneal
nerve electrical neuromuscular stimulation

in patients following infra-inguinal bypass

6.1 Infra-inguinal bypass grafts Study population

A total of 71 potential participants were identified from out-patient clinics and
the graft surveillance register. All were contacted by letter with an attached

patient information sheet.

25 participated in the study. 11 patients were unable to participate in the
study: 3 patients had no effect from the device, 3 patients’ grafts were
determined to have occluded when they attended for the study, 2 patients
were participating in another study, 2 had undergone amputation at another
institution, 3 patients suffered from severe dementia, 2 had ongoing issues
with their wound, 1 had a recent Ml and 1 patient had a permanent
pacemaker. 35 patients were not willing to participate in the study.
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Figure 54: Reason given for subject non-participation
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6.2 Proof of concept study

6.2.1 Examination findings: ABPI

The mean ABPI at baseline in the active limbs was 0.99 (SD 0.24) and passive
limbs 0.95 (SD 0.39). This was not statistically significant on unpaired T test (P =
0.896).

The mean change in ABPI from baseline in the active limbs was 0.05 (SD 0.13) [P =
0.074 Paired T test] and passive limbs was 0.05 (SD 0.07) [P = 0.017 Paired T test].
The difference between changes seen in the two groups was not statistically
significant (P = 0.185 Unpaired T test) (Figures 55,56).

Figure 55: Scatter graph: Active limbs; change in ABPI in study period (n = 19)
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Figure 56: Scatter graph: Passive limbs; Change in ABPI in the study period (n = 19)
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Calf circumference

The mean calf circumference at baseline in the active limbs was 35.51cm (SD 3.13)
and passive limbs 34.56cm (SD 3.36).The difference was not statistically significant
on Unpaired T test (P =0.892). The mean change in calf circumference from
baseline was -0.73cm (SD 0.61) [P = 0.001 Paired T test] in the active limbs and -
0.36cm (SD 0.64) [P = 0.077 Paired T test] in the passive limbs. The difference in
the change seen was not statistically significant (P = 0.856 Unpaired T test).

6.2.2 Haemodynamic efficacy of gekoT"’I in infra-inguinal bypass grafts:
Proof of concept study

6.2.2.1 Assessment of reliability of haemodynamic measurements

The intra-class correlation coefficient was utilised to determine the intra-rater
reliability of the ultrasound measurements collected in the study(428). The intra-
observer reliability assessed the reproducibility of the observer for each
measurement technique (Table 22). In this study, each measurement was made in
triplicate and the mean utilised for all subsequent analysis.
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Table 22: Intraclass correlation coefficient analysis of ultrasound measurements

Measurement Intraclass correlation coefficient (P)
Arterial maximum flow velocity. 0.977
Arterial mean flow velocity 0.977
Arterial vessel diameter 0.998
Arterial volume flow 0.991
Venous maximum flow velocity 0.915
Venous mean flow velocity 0.975
Venous vessel diameter 0.999
Venous volume flow 0.992

Thus it is possible to see that there was high intra-rater reliability for all ultrasound
measurements performed as part of this study within the infra-inguinal bypass
population.

6.2.2.2 Arterial duplex

6.2.2.2.1 Maximum arterial velocity

The mean baseline maximal arterial velocity in the active limbs was 76.78 (SD
27.71) and passive limbs 67.61 (SD 17.65) cm/sec. Comparison of the groups
demonstrated no statistical significance (P = 0.324 Unpaired T test) in the baseline
values. The change from baseline in the groups were 10.78 (SD 11.37) [P = 0.005
Paired T test] and 1.43 (SD 3.93) cm/sec [P = 0.212 Paired T test] in the active and
passive groups respectively equating to percentage changes of 15.60% (SD 15.65)
and 1.31% (SD 5.77). The differences in the change seen between the active and
passive limbs were statistically significant (P = 0.010 Unpaired T test) (Figures 57,
58, 58).
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Figure 57: Maximal arterial velocity change from baseline

Error bar chart demonstrating the maximal arterial velocity and at baseline at 30 minutes in the active
and passive groups [the mean is represented as a circle and the confidence interval is represented by
a line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 58: Active stimulation limbs: Change in maximum arterial velocity (cm/sec) from

baseline with 30 minutes of stimulation (n = 19)

180

[any
o))
o

[
S
o

120

100

Maximum arterial velocity cm/sec
N ey D [0
o o o o

o

P =0.005
Paired T test

Baseline

30mins

155



Figure 59: Passive stimulation limbs: Change in maximum arterial velocity (cm/sec) from
baseline with 30 minutes of stimulation (n = 19)
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6.2.2.2.2 Mean arterial velocity

The baseline mean arterial velocity in the active limbs was 10.88 (SD 5.36) and
passive limbs 10.44 (SD 3.35) cm/sec. The difference between the limbs was not
statistically significant (P = 0.805 Unpaired T test).

The change from baseline with the device was 2.68 (SD 3.34) [P= 0.014 Paired T
test] and passive limbs -0.10 (SD 1.28) cm/sec [P = 0.774 Paired T test] in the
active and passive limbs respectively equating to percentage changes of 29.93%
(SD 33.38) and -0.88% (SD 11.26) respectively. The difference in the changes seen

between the groups was statistically significant (P = 0.013 Unpaired T test) (Figure
60, 61, 62).
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Figure 60: Mean arterial velocity change from baseline

Error bar chart demonstrating the mean arterial velocity at baseline and at 30 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 61: Active stimulation limbs: Change in mean arterial velocity (cm/sec) from baseline with

30 minutes of stimulation (n = 19)
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Figure 62: Passive stimulation limbs: Change in mean arterial velocity (cm/sec) from baseline
with 30 minutes of stimulation (n = 19)
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6.2.2.2.3 Arterial diameter

The mean arterial diameter at baseline in the active limbs 6.08 (SD 1.48) and
passive limbs 5.86 (SD 0.87) mm. The difference between the baseline value in the
groups was not statistically significant (P = 0.654 Unpaired T test). The change from
baseline with stimulation was 0.019 (SD 0.06) [P = 0.291 Paired T test] and -0.009
(SD 0.03) mm [P = 0.273 Paired T test] in the active and passive limbs respectively
equating to percentage changes of 0.40% (SD 1.13) and -0.16% (SD 0.52).
Unpaired T test analysis demonstrated this difference in the change between the
limbs was not statistically significant (P = 0.151).

5.2.2.2.4 Arterial volume flow

The mean arterial flow at baseline in the active limbs was 0.29 (SD 0.17) and
passive limbs 0.27 (SD 0.14) L/min. Flow at baseline was comparable between the
two groups (P = 0.777 Unpaired T test). The change from baseline with stimulation
was 0.07 (SD 0.06) [P = 0.001 Paired T test] and 0.00 (SD 0.01) L/min [P = 0.485
Paired T test] in the active and passive limbs respectively equating to percentage
changes of 29.8% (SD 24.21) and -0.22% (SD 2.81). Unpaired T test analysis
demonstrated that the difference in the change seen between the active and passive
limbs was statistically significant (P < 0.001) (Figure 63-65).
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Figure 63: Arterial volume flow change from baseline

Error bar chart demonstrating the arterial volume flow at baseline and at 30 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 64: Active stimulation limbs: Change arterial volume flow (L/min) from baseline with 30

minutes of stimulation (n = 19)
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Figure 65: Passive stimulation limbs: Change arterial volume flow (L/min) from baseline with 30
minutes of stimulation (n = 19)
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6.2.2.3 Venous duplex
6.2.2.3.1 Venous maximum velocity

The baseline mean maximum venous velocity in the active limbs was 16.14 (SD
7.04) and the passive limbs 15.98 (SD 6.94) cm/sec. Comparison of the baseline
values demonstrated the differences between the groups to be insignificant (P =
0.953 Unpaired T test).

The change from baseline with stimulation in the active limbs was 3.49 (SD 6.20) [P
= 0.065 Paired T test] and passive limbs -1.09 (SD 2.57) cm/sec [P = 0.153 Paired T
test], equating to percentage changes of 28.42% (SD 48.20) and -5.83% (SD

15.64). Comparison of the changes from baseline in the 2 groups demonstrated that
this was statistically significant (P = 0.021 Unpaired T test) (Figures 66-68).
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Figure 66: Maximal venous velocity change from baseline

Error bar chart demonstrating the maximal venous velocity at baseline and at 40 minutes in the active
and passive groups [the mean is represented as a circle and the confidence interval is represented by
a line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 67: Active stimulation limbs: Change in maximum venous velocity (cm/sec) from
baseline with 40 minutes of stimulation (n = 19)
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Figure 68: Passive stimulation limbs: Change in maximum venous velocity (cm/sec) from
baseline with 40 minutes of stimulation (n = 19)
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6.2.2.3.2 Venous mean velocity

The average mean velocity in the active limbs at baseline was 6.57 (SD 3.54) and
the passive limbs 5.45 (SD 2.52) cm/sec. Comparison of the baseline values
demonstrated the difference to be insignificant (P = 0.364 Unpaired T test). The
change from baseline with stimulation in the active limbs was 0.95 (SD 0.86) [P =
0.002 Paired T test] and passive -0.01 (SD 0.70) cm/sec [P = 0.943 Paired T test]
equating to percentage changes of 19.63% (SD 21.74) and 0.79% (SD 15.28).
Comparison of the changes from baseline in the active and passive groups
demonstrated that that the differences were statistically significant (P = 0.005
Unpaired T test) (Figures 69-71).
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Figure 69: Mean venous velocity change from baseline

Error bar chart demonstrating the mean venous velocity at baseline and at 40 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 70: Active stimulation limbs: Change in mean venous velocity (cm/sec) from baseline

with 40 minutes of stimulation (n = 19)
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Figure 71: Passive stimulation limbs: Change in mean venous velocity (cm/sec) from baseline

with 40 minutes of stimulation (n = 19)
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6.2.2.3.3 Venous diameter

The average venous diameter at baseline in the active limbs was 6.36 (SD 1.46)

and the passive limbs 5.57 (SD 1.49) mm. Comparison of the baseline value

between the groups demonstrated an insignificant difference (P = 0.183 Unpaired T

test). The change from baseline with stimulation in the active limbs was 0.04 (SD
0.05) [P = 0.011 Paired T test] and passive -0.02 (SD 0.07) mm [P = 0.397 Paired T
test] equating to percentage changes of 0.67% (SD 0.86) and -0.19% (SD 1.11).
The difference in change from baseline in the 2 groups was not statistically

significant (P = 0.019 Unpaired T test)(Figure 72-74).
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Figure 72: Venous diameter change from baseline

Error bar chart demonstrating the venous diameter at baseline and at 40 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 73: Active stimulation limbs: Change in mean venous diameter (mm) from baseline with
40 minutes of stimulation (n = 19)
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Figure 74: Passive stimulation limbs: Change in mean venous diameter (mm) from baseline with
40 minutes of stimulation (n = 19)
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6.2.2.3.4 Venous volume flow

The mean volume flow at baseline in the active limbs was 0.19 (SD 0.10) and the
passive limbs 0.13 (SD 0.08) L/min. Comparison of the baseline values
demonstrated an insignificant difference (P = 0.087 Unpaired T Test). The change
from baseline with stimulation in the active limbs was 0.03 (SD 0.02) [P < 0.001
Paired T test] and passive 0.00 (SD 0.01) L/min [P = 0.736 Paired T test] equating
to percentage changes of 21.77% (SD 21.15) and 0.36% (SD 9.48). Comparison of
the difference in change from baseline in the 2 groups was statistically significant [P
< 0.001 Unpaired T test] (Figures 75-77).
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Figure 75: Venous volume flow change from baseline

Error bar chart demonstrating the venous volume flow at baseline and at 40 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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Figure 76: Active stimulation limbs: Change in venous volume flow (L/min) from baseline with
40 minutes of stimulation (n = 19)
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Figure 77: Passive stimulation limbs: Change in venous volume flow (L/min) from baseline with
40 minutes of stimulation (n = 19)
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6.2.2.4 Skin perfusion/ Laser Doppler flowmetry

There was no appreciable change in skin temperature during the study period.
Baseline temperature in the active group was 29.66 (SD 1.63) and passive group
29.28 (SD 1.76)°C. The difference in baseline values was not statistically significant
(P =0.569 Unpaired T test).

The change in temperature from baseline was 0.39 (SD 1.45)[P = 0.347 Paired T
test], passive group 0.11 (SD 0.91) °C [P = 0.677 Paired T test]. The differences in
change from baseline between the two groups was not statistically significant (P =
0.554 Unpaired T test).

Baseline microcirculatory flow in the active groups was 24.13 (SD 10.78) and the
passive group 17.38 (SD 5.81). The difference in baseline values seen in the groups
was statistically significant (P = 0.059). The change at 15 minutes from baseline in
the active group was 18.85 (SD 12.42) [P < 0.001 Paired T test], in the passive
group was 0.05 (SD 3.02) [P = 0.950 Paired T test]. Analysis of the differences seen
between the active and passive groups demonstrated statistical significance (P <
0.001 Unpaired T test).

The change at 30 minutes from baseline in the active groups was 18.87 (SD 13.44)
[P <0.001 Paired T test] and passive -0.42 (SD 4.58) [P = 0.745 Paired T test].
Analysis of the differences in the changes seen demonstrated statistical significance
(P < 0.001 Unpaired T test).
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The change at 45 minutes from baseline in the active group was 19.27 (SD 10.19)
[P < 0.001 Paired T test] and passive 0.18 (SD 6.39) [P = 0.919 Paired T test].
Analysis of the differences in the changes seen demonstrated statistical significance
(P < 0.001 Unpaired T test).

The change at 15 minutes following device deactivation in the active groups was -
1.39 (SD .38) [P = 0.163 Paired T test] and passive -0.88 (SD 3.51) [P = 0.381
Paired T test]. Analysis of the differences in the changes seen demonstrated
statistical significance (P = 0.710 Unpaired T test) (Figure 78).

Figure 78: Laser Doppler flow change from baseline

Error bar chart demonstrating laser Doppler flowmetry readings throughout the study period in the
active and passive groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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6.2.2.5 Cardiovascular effects

The mean heart rate at baseline was 75.77 (SD 11.88) and decreased to 74.00 (SD
12.99) 30 minutes after initiation of stimulation [P = 0.128 Paired T test]. The heart
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rate decreased to 72.62 (SD 10.75) following deactivation of the device [P = 0.246
Paired T test].

There was no significant change in systolic blood pressure on device activation [P =
0.660 Paired T test] or deactivation [P = 0.007 Paired T test]. There was no
significant change in diastolic blood pressure on device activation [P = 0.329 Paired
T test] or deactivation [P = 0.119 Paired T test].

6.3 Randomised patients

6.3.1 Baseline Characteristics

The final 12 participants were randomised to either active stimulation (i.e.
one limb received active stimulation and other limb deemed passive) or a
control group (i.e. stimulation device applied but not activated). Statistical
analysis of the patients in the active and control groups was carried out to
establish if they were comparable (Tables 23, 24, 25).
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Table 23: Comparison of the baseline characteristics of participants in the active and control

groups

Age (mean in yrs)

Sex

Smoking status
Pack years
(mean)

EtOH

EtOH units/ week
(mean)

BMI (mean)

Time since

surgery

(mean in months)

Laterality

Indication

Active n=6
63.5 (IQR 18.75)
6M
3 current, ex
33.29 (SD 22.26)

5 current, 1 never
16.67 (SD 14.02)

26.30 (SD 3.26)

20.33 (SD 5.89)

3 right, 3 left
5 claud, 1 CLI

* Independent samples median test

Control n=6
68.5 (IQR 28.25)
6M
1 current, 5 ex
28.83 (SD 7.70)

3 current, 1 never
6.33 (SD 7.23)

25.78 (SD 2.45)

13.67 (10.82)

4 left, 2 right
5 claud, 1 CLI

p value
0.567*
1.000"
0.545~
0.653"

0.545~
0.140"

0.763"

0.2147

0.500~
1.000~

A Unpaired T test (NB Shapiro Wilk test utilised to establish normality of distribution

for data. P> 0.05 in all cases)

~ Fishers exact test

Table 24: Comparison of comorbidities

Diabetes

Cerebrovascular
disease
Hypertension
Cardiovascular
disease

Respiratory

Active
5No, 1 Yes

6 No

2 Yes, 4 No
1 Yes, 5 No

6 No

~Fisher’s exact test

Control
5No, 1 Yes

4 No, 2 Yes

5Yes, 1 No
4 Yes, 2 No

6 No

P value
1.000~

0.227~

0.121~
0.121~

1.000~
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Table 25: Comparison of concomitant medications between active and control groups

Antiplatelet

Aspirin

Clopidogrel

Beta blocker
ACE inhibitor

Statin

Active
6 Yes
5 Yes, 1 No

1 Yes, 5No
1 Yes, 5 No
6 No

6 Yes

~Fisher’s exact test

Control
5Yes, 1 No
4 Yes, 2 No

1 Yes, 5No
4 Yes, 2 No
4 Yes, 2 No
5 Yes, 1 No

P value
0.500~
0.500~

0.773~
0.121~
0.061~
0.500~

It is possible to see that the groups of patients, active and control, were similar in all

regards.

6.3.2 Randomised patients: Haemodynamic Efficacy of geko™ in

infrainguinal bypass

6.3.2.1 Arterial duplex

6.3.1.1.1 Maximum arterial velocity

The baseline maximum arterial velocity was 74.40 (SD 31.43) in the active limbs,
72.60 (SD 11.11) in the passive limbs and 71.20 (SD 26.59) cm/sec in the control
limbs [P = 0.968 ANOVA]. The mean change in maximum arterial velocity from
baseline in the active limbs was 15.39 (SD 7.44) (Paired T test P = 0.004); passive -
1.69 (SD 8.81) [Paired T test P = 0.659] and control limbs -0.28 (SD 4.24) cm/sec
[Paired T test P = 0.825] equating to percentage changes of 23.54% (SD 13.86), -
1.84% (SD 12.47) and -1.28% (SD 6.22) respectively (Figures 23-26).

The difference in change from baseline between the active and passive groups was

statistically significant [Unpaired T Test: P = 0.005] whilst not significant when

comparing the passive and control limbs, P = 0.647 [Unpaired T Test]. ANOVA
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analysis demonstrated statistical significance P < 0.001, which was further
investigated with post hoc Bonferonni analysis: active versus passive limbs P <
0.001, active versus control limbs P < 0.001 and control versus passive limbs P =
1.000. (Figures 79-81)

Figure 79: Maximum arterial velocity change from baseline

Error bar chart demonstrating the maximum arterial velocity and at baseline at 30 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 80: Active stimulation limbs: Change in maximum arterial velocity (cm/sec) from

baseline with 30 minutes of stimulation (n = 6)
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Figure 81: Passive limbs: Change in maximum arterial velocity (cm/sec) from baseline with 30
minutes of stimulation of contralateral limb (n = 6)
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Figure 82: Control limbs: Change in maximum arterial velocity (cm/sec) from baseline with 30
minutes of device applied to limbs but not activated (n = 12)
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6.3.2.1.2 Mean arterial velocity

The mean baseline mean arterial velocity in the active limbs was 11.60 (SD 6.27),
passive limbs 11.42 (SD 3.68) and control limbs was 9.50 (SD 4.88) cm/sec. There
was no statistically significant difference in baseline values on ANOVA analysis [P =
0.623].

The change in mean arterial velocity from baseline in the active limbs was 2.85 (SD
1.94) [Paired T Test P = 0.016], passive limbs -0.21(SD 1.16)[Paired T test P =
0.675] and control limbs was -0.24 (SD 0.88) cm/sec [Paired T Test P = 0.354]
equating to percentage changes of 33.74% (SD 25.43), -3.26% (SD 10.48) and -
2.26% (SD 9.35) respectively. The difference in change from baseline between the
active and passive groups was statistically significant (Unpaired T Test: P = 0.008).
Passive versus control P = 0.946 (Unpaired T test). ANOVA analysis of the change
from baseline for the 3 groups was statistically significant (P < 0.001) with post hoc
Bonferonni demonstrating: active versus control P < 0.001, active versus passive P
= 0.001 but passive versus control P = 1.000 (Figures 83-86).

Figure 83: Mean arterial velocity change from baseline

Error bar chart demonstrating the mean arterial velocity at baseline and at 30 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 84: Active stimulation limbs: Change in mean arterial velocity (cm/sec) from baseline
with 30 minutes of stimulation (n = 6)
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Figure 85: Passive limbs: Change in mean arterial velocity (cm/sec) from baseline with 30
minutes of stimulation of contralateral limb (n = 6)
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Figure 86: Control limbs: Change in mean arterial velocity (cm/sec) from baseline with 30
minutes of device applied to limbs but not activated (n = 12)
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6.3.2.1.3 Arterial diameter

The mean baseline arterial diameter in the active group was 5.57 (SD 1.12), passive
group 5.84 (SD 1.90) and control group 6.23 (SD 1.20) mm. The difference in
baseline values was not statistically significant (P = 0.616 ANOVA). The mean
change in arterial diameter in the active group was -0.02 (SD 0.06)(Paired T test P =
0.538), passive group 0.01 (SD 0.03)(Paired T test P = 0.363) and control group -
0.00 (SD 0.04) mm (Paired T test P = 0.782), equating to percentage changes of -
0.25% (SD 1.14), 0.23% (SD 0.42) and 0.00% (SD 0.58) respectively.

The difference in change from baseline between the active and passive groups was
not statistically significant (Unpaired T Test: P = 0.335), passive vs control P = 0.429
(Unpaired T Test). ANOVA analysis to investigate the change in diameter from
baseline was not statistically insignificant (P = 0.545).

6.3.2.1.4 Arterial volume flow

The baseline values for arterial volume flow for the active limbs was 0.25 (SD 0.11),
passive group 0.28 (SD 0.11) and control group 0.27 (SD 0.12) L/min. The
difference in baseline values was not statistically significant (P = 0.897 ANOVA).
The mean change in mean arterial volume flow in the active limbs was 0.08 (SD
0.04) (Paired T test P = 0.004), passive limbs -0.01 (SD 0.02) (Paired T test P =
0.103) and control limbs -0.01 (SD 0.01) (Paired T Test P = 0.082) equating to
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percentage changes of 39.54% (SD 29.16), -6.89% (SD 7.49) and -1.84% (SD 3.82)
respectively.

The difference in change from baseline between the active and passive groups was
statistically significant (Unpaired T Test: P < 0.001) but not when comparing the
passive and control groups (Unpaired T test P = 0.235). This was confirmed on
ANOVA analysis (P < 0.001) with post hoc Bonferonni: active versus passive P <
0.001; active versus control P < 0.001 and passive versus control P = 1.000
(Figures 87-90).

Figure 87: Arterial volume flow change from baseline

Error bar chart demonstrating the arterial volume flow at baseline and at 30 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 88: Active stimulation limbs: Change in arterial volume flow (L/min) from baseline with

30 minutes of stimulation (n = 6)
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Figure 89: Passive limbs: Change in arterial volume flow (L/min) from baseline with 30 minutes

of stimulation of contralateral limb (n = 6)
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Figure 90: Control limbs: Change in arterial volume flow (L/min) from baseline with 30 minutes
of device applied to limbs but not activated (n = 12)
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6.3.2.2 Venous duplex

6.3.2.2.1 Max venous velocity:

Baseline maximum venous velocity in the active limbs was 19.48 (SD 9.65), passive
limbs 24.79 (SD 21.22) and control limbs 15.26 (SD 3.40) cm/sec. ANOVA analysis
determined the difference in baseline values was not statistically significant [P =
0.279]. The mean change in maximum venous velocity in the active limbs was 7.28
(SD 8.24) [Paired T test P = 0.083], passive limbs -6.52 (SD 20.76) [Paired T test P
= 0.477] and control limbs 0.17 (SD 1.87) cm/sec [Paired T test P = 0.756] equating
to percentage changes of 46.79% (SD 54.53), 1.88% (SD 43.48) and 2.25% (SD
13.46) respectively.

The difference in change from baseline between the active and passive groups was
statistically significant [Unpaired T Test: P = 0.161] whilst not for passive and control
[Unpaired T test P = 0.270]. ANOVA analysis determined that the differences in the
changes from baseline were significant [P = 0.046] however post hoc Bonferonni
demonstrated: active versus passive P = 0.118; active versus control P = 0.060 and
control versus passive P = 1.000 (Figures 91-94).
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Figure 91: Maximum venous velocity change from baseline

Error bar chart demonstrating the maximum venous velocity at baseline and at 40 minutes in the

active, passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 93: Passive limbs: Change in maximal venous velocity (cm/sec) from baseline with 40
minutes of stimulation of contralateral limb (n = 5)
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Figure 94: Control limbs: Change in maximal venous velocity (cm/sec) from baseline with 40

minutes of device applied to limbs but not activated (n = 12)
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6.3.2.2.2 Mean venous velocity

The baseline values for mean venous velocity in the active limbs was 7.82 (SD
5.05), passive limbs 6.85 (SD 4.06) and control limbs 5.56 (SD 1.77) cm/sec.
ANOVA analysis determined that the difference in baseline values was not

statistically significant (P = 0.410).

The change in mean venous velocity in the active limbs was 1.10 (SD 1.04) [Paired
T test P = 0.049], passive 0.20 (SD 0.77) [Paired T test P = 0.555] and control limbs
-0.02 (SD 0.41) cm/sec [Paired T test P = 0.856] equating to percentage changes of
23.63% (SD 20.76), 5.18% (SD 14.16) and -0.09% (SD 7.47) respectively.
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The difference in change from baseline between the active and passive groups was
not statistically significant [Unpaired T Test: P = 0.120] whilst not for passive and
control [Unpaired T test P = 0.431]. The difference in change from baseline between
the groups was statistically significant (ANOVA P = 0.014). Post hoc Bonferonni
demonstrated that: active versus passive P = 0.110; active versus control P = 0.013
and control versus passive P = 1.000(Figure 95-98).

Figure 95: Mean venous velocity change from baseline

Error bar chart demonstrating the mean venous velocity at baseline and at 40 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 96: Active limbs: Change in mean venous velocity (cm/sec) from baseline with 40

minutes of stimulation (n = 6)
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Figure 97: Passive limbs: Change in mean venous velocity (cm/sec) from baseline with 40

minutes of stimulation (n = 6)
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Figure 98: Control limbs: Change in mean venous velocity (cm/sec) from baseline with 40
minutes of stimulation (n = 12)
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6.3.2.2.3 Venous diameter

The baseline values for mean venous diameter were active 5.91 (SD 0.81), passive
5.97 (SD 1.55) and control 7.01 (SD 1.92) mm. ANOVA analysis determined that the
difference in baseline values was not statistically significant [P = 0.294]. The mean
change in mean venous diameter was active limbs 0.01 (SD 0.05) [Paired T test P =
0.638], passive 0.03 (SD 0.52) (Paired T test P = 0.900) and control -0.02 (SD 0.08)
mm [Paired T test P =0.477] equating to percentage changes of 0.21% (SD 1.04),
2.30% (SD 11.75) and -0.13% (SD 1.33) respectively.

The difference in change from baseline between the groups was not statistically
significant [ANOVA P = 0.939] (Figure 99).
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Figure 99: Venous diameter change from baseline

Error bar chart demonstrating the venous diameter at baseline and at 40 minutes in the active, passive
and control groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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6.3.2.2.4 Venous volume flow

The baseline venous volume flow in the active limbs was 0.20 (SD 0.14), passive
limbs 0.16 (SD 0.09) and control limbs 0.23 (SD 0.15) L/min. The difference in
baseline values between the groups was not significant [ANOVA P = 0.600]. The
change in mean venous volume flow from baseline in the active limbs was 0.03 (SD
0.01) [P < 0.001], passive limbs 0.01 (SD 0.02) [P = 0.211] and control limbs 0.00
(SD 0.02) L/min [P = 0.459] equating to percentage changes of 28.62% (SD 23.06),
16.67% (SD 35.39) and -0.29% (SD 5.86) respectively.

The difference in venous volume flow from baseline between the groups was
statistically significant [ANOVA P < 0.001]. Post hoc Bonferonni demonstrated:
active versus passive P = 0.061; active versus control P < 0.001 and control versus
passive P = 0.170 (Figures 100-103).
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Figure 100: Venous volume flow change from baseline

Error bar chart demonstrating the venous volume flow at baseline and at 40 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the

confidence: 95% Cl)
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Figure 101: Active limbs: Change in venous volume flow (L/min) from baseline with 40 minutes

of stimulation (n = 6)
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Figure 102: Passive limbs: Change in venous volume flow (L/min) from baseline with 40
minutes of stimulation (n = 6)
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Figure 103: Control limbs: Change in venous volume flow (L/min) from baseline with 40 minutes

of stimulation (n = 12)
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6.3.2.3 Skin perfusion/ Laser Doppler flowmetry

There was no appreciable change in skin temperature during the study period.
Baseline temperature in the active group was 29.13 (SD 2.04), passive group 29.40
(SD 1.50) and control group 29.84 (SD 1.87) °C. The difference in baseline values
was not statistically significant [P = 0.199 ANOVA].

The change in temperature from baseline was 0.13 (SD 0.44)[P = 0.488 Paired T
test], passive group 0.17 (SD 0.26) °C [P = 0.175 Paired T test] and control group -
0.26 (SD 0.28) [P = 0.009 Paired T test]. The differences in change from baseline
between the two groups was not statistically significant [P = 0.018 ANOVA: Post hoc
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Bonferonni; active versus passive P = 1.000; active versus control P = 0.070;
passive versus control P = 0.045].

Baseline microcirculatory flow in the active groups was 14.63 (SD 9.21), the passive
group 14.38 (SD 8.23) and control group 26.55 (SD 22.28). The difference in
baseline values seen in the groups was not statistically significant [P = 0.253
ANOVA]. The change at 15 minutes from baseline in the active group was 33.12
(SD 15.72) [P = 0.004 Paired T test], passive group 2.10 (SD 2.97) [P = 0.144
Paired T test] and control group -0.49 (SD 6.09) [P = 0.785 Paired T test]. Analysis
of the differences seen between the active and passive groups demonstrated
statistical significance [P < 0.001 ANOVA: Bonferonni- Control versus passive P =
1.000; Active versus passive P < 0.001; Active versus passive P < 0.001].

The change at 30 minutes from baseline in the active group was 28.00 (SD 13.41)
[P = 0.004 Paired T test], passive 2.05 (SD 3.00) [P = 0.155 Paired T test] and
control group -2.55 (SD 9.12) [P = 0.353 Paired T test]. Analysis of the differences in
the changes seen was demonstrated to be statistically significant [P < 0.001
ANOVA: Bonferonni- Control versus passive P = 1.000; Active versus passive P <
0.001; Active versus control P < 0.001].

The change at 45 minutes from baseline in the active group was 36.77 (SD 19.66)
[P =0.006 Paired T test], passive 2.87 (SD 9.29) [P = 0.484 Paired T test] and
control group -1.25 (SD 6.85) [P = 0.541 Paired T test]. Analysis of the differences in
the changes seen demonstrated statistical significance [P < 0.001 ANOVA:
Bonferonni- Passive versus control P = 1.000; Active versus passive P < 0.001;
Active versus control P < 0.001].

The change at 15 minutes following device deactivation in the active groups was
2.35 (SD 3.30) [P = 0.142 Paired T test], passive -1.48 (SD 3.10) [P = 0.294 Paired
T test] and control group -2.84 (SD 6.62) [P = 0.159 Paired T test]. Analysis of the
differences in the changes seen demonstrated non-significance [P = 0.161 ANOVA]
(Figure 104).
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Figure 104: Laser Doppler flow change from baseline

Error bar graph demonstrating mean laser Doppler flowmetry readings through the study period in each
group. [the mean is represented as a circle and the confidence interval is represented by a line
protruding from the mean to a short horizontal line representing the limits of the confidence: 95% CI)
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6.3.2.4 Cardiovascular effects

The mean heart rate at baseline in the active group was 79.67 (SD 14.39) and
control group 66.67 (SD 14.12) beats per minute in the passive group. Comparison
of the baseline values demonstrated non significance [P = 0.330 Unpaired T test].
After 30 minutes of stimulation the heart rate decreased by -3.17 (SD 11.77) in the
active group [P = 0.539 Paired T test] and in the control group decreased by 2.67
(SD 3.67) [P = 0.135 Paired T test]. Comparison of the changes demonstrated non-
significance [P = 0.054 Unpaired T test].

The heart rate increased by 0.50 (SD 4.18) [P = 0.781 Paired T test] in the active
group and 0.67 (SD 6.15) in the control group [P = 0.801 Paired T test] following
deactivation of the device. Unpaired T test analysis of the changes demonstrated
non-significance [P = 0.640].

Systolic blood pressure at baseline in the active group was 151.50 (SD 26.06) and
control 121.67 (SD 22.70) mmHg. Comparison of baseline values determined them
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to be comparable [P = 0.453 Unpaired T test]. Systolic BP increased at 30 minutes
by 2.00 (SD 16.54) in the active group [P = 0.779 Paired T test] and 9.00 (SD 11.51)
in the control group [P = 0.114 Paired T test]. Comparison of the differences seen
demonstrated insignificance [P = 0.330 Unpaired T test]. Systolic BP decreased
from 30minutes to the end of the study period in the active group by 1.83 (SD 10.72)
[P = 0.693 Paired T test] and increased by 8.83 (SD 11.69) [P = 0.123 Paired T test]
mmHg in the control group. Comparison of the differences seen demonstrated
insignificance [P = 0.493 Unpaired T test].

Diastolic blood pressure at baseline in the active group was 89.50 (SD 6.16) and
control 66.50 (SD 10.50) mmHg. Comparison of baseline values determined them to
be comparable [P = 0.158 Unpaired T test]. Diastolic BP decreased at 30 minutes
by 3.00 (SD 10.94) in the active group [P = 0.531 Paired T test] and increased by
12.00 (SD 18.56) in the control group [P = 0.174 Paired T test]. Comparison of the
differences seen demonstrated insignificance [P = 0.074 Unpaired T test]. Diastolic
BP increased from 30minutes to the end of the study period in the active group by
6.50 (SD 9.65) [P = 0.160 Paired T test] and decreased by 8.00 (SD 17.40) [P =
0.505 Paired T test] mmHg in the control group. Comparison of the differences seen
demonstrated insignificance [P = 0.084 Unpaired T test].

6.3.3 Vicorder

6.3.3.1 Comparison of the Vicorder and SphygmoCor devices

The mean difference in pulse wave velocity measurements with the
SphygmoCor and Vicorder devices were 0.03 (S.D 0.92) m/ sec (P = 0.85)
and 0.01 (S.D. 0.54) m/sec (P = 0.54) respectively. Both devices
demonstrated high reproducibility; intraclass correlation co-efficients 0.92 and
0.94 for SphygoCor and Vicorder. The SphygmoCor had a lower coefficient
of variation than the Vicorder; 5% versus 6%. The limits of agreement
between the Vicorder measurements were 1.07 to 1.09m/sec and for the
SphygmoCor 1.79 and 1.85 m/sec. 90% of the PWV measurements using
the Vicorder and 93% of the measurements using the SphygmoCor fell within
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2 standard deviations of the mean demonstrated on Bland-Altman plots.

(Figures 105-106)

Figure 105: Bland-Altman plot illustrating intra-rater reproducibility of the cfPWV measurements

by the Vicorder device.

The upper and lower dotted lines represent the LoA between repeated cfPWV measurements (mean

difference +/- 2 SDs). The middle dotted line represents the mean of the difference between all

repeated cfPWV measurements generated by the device.
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Figure 106: Bland-Altman plot illustrating intra-rater reproducibility of the cfPWV measurements
by the SphygmoCor device.
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The mean difference in the PWV measurements obtained by the two devices was
statistically significant 0.69 (S.D. 1.6) m/sec (P = 0.02), with higher values recorded
with the SphygmoCor than the Vicorder (10.77 (SD 1.6) m/s versus 10.08 (SD
2.1)m/sec respectively). Despite this the PWV measurements demonstrated a linear
relationship with strong correlation (r = 0.67, P < 0.001). The limits of agreement
between the two devices’ measurements were 2.53 to -3.91 m/sec with 97% of
measurements falling within 2 standard deviations (Figures 107-108).
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Figure 107: Scatter plot illustrating the relationship between cfPWYV values obtained by the
SphygmoCor and those obtained by the Vicorder.

The black line is the regression line.
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Figure 108: Bland-Altman plot illustrating the agreement between cfPWV measurements
obtained by the SphygmoCor and those obtained by the Vicorder.
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6.3.3.2 Pulse wave velocity

Pulse wave velocity increased from baseline in the active group by a mean of 4.35
metres/ second whilst it decreased in the control group by 2.05 metres/ second. This
was not statistically significant (P = 0.190 Unpaired T test).

6.3.3.3 Augmentation index
Augmentation index increased by 1.00% in the active group compared to an
increase of 2.00% in the control group (P = 0.834 Unpaired T test).

6.3.3.4 Cardiac output

Cardiac output increased by 0.05 in the active group compared to an increase of
0.18 in the control group. This was not statistically significant (P = 0.932 Unpaired T
test).

6.3.3.5 Peripheral vascular resistance

Peripheral vascular resistance increased by 0.06 in the active group compared to an
increase of 0.21 in the control group (P = 0.334 Unpaired T test).
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Chapter Seven: Research question 5: The
haemodynamic efficacy of peroneal nerve
electrical neuromuscular stimulation in

patients with varicose veins

7.1 Varicose Vein Patients Study population

A total of 86 potential participants were identified from out-patient clinics, the waiting
list and from patients attending for venous duplex. All were contacted by letter with
an attached patient information sheet. The participation status of those contacted is
listed below with the reasons for non participation as stated by the patient.

Figure 109: Reasons given for subject non-participation

Reasons for non-participation

MDNA X2

M Just not interested

M Surgery date before able to attend
23 M Too far
B Too many hospital appointments

M Too unwell

Unable to get time off work

Inelligible

22 patients participated in the study whilst 64 were unwilling or unable to take part.
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7.2 Proof of concept study

7.2.1 Examination findings: ABPI

The mean ABPI at baseline in the active limbs was 1.16 (SD 0.17) and passive

limbs 1.12 (SD 0.11). This was statistically significant on unpaired T test [P = 0.530].
The mean change in ABPI from baseline in the active limbs was -0.04 (SD 0.10) [P

= 0.171 Paired T test] and passive limbs was -0.06 (SD 0.12) [P = 0.966 Paired T

test]. A comparison of the difference between changes seen in the two groups was

statistically significant [P = 0.784 Unpaired T test] (Figures 110-111).

Figure 110: Scatter graph: Active limbs; change in ABPI in study period (n = 12)
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Figure 111: Scatter graph: Passive limbs; Change in ABPI in the study period (n = 12)
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Calf circumference

The mean calf circumference at baseline in the active limbs was 37.96 (SD 4.61)
and passive limbs 37.9 (SD 4.56) mm. The difference in baseline values was not
statistically significant on Unpaired T test [P = 0.975].

The mean change in calf circumference from baseline was -0.54 (SD 0.62) [P =
0.011 Paired T test] in the active limbs and -0.30 (SD 0.37) mm [P = 0.017 Paired T
test] in the passive limbs. A comparison of the difference in the change seen was
not statistically significant [P = 0.368 Unpaired T test].

7.2.2 Haemodynamic efficacy of geko™ in varicose vein patients: Proof
of concept study

7.2.2.1 Assessment of reliability of haemodynamic measurements

The intra-class correlation coefficient was utilised to determine the intra-rater
reliability of the ultrasound measurements collected in the study(428). The intra-
observer reliability assessed the reproducibility of the observer for each
measurement technique (Table 26). In this study, each measurement was made in
triplicate and the mean utilised for all subsequent analysis.

Table 26: Intraclass correlation coefficient analysis of ultrasound measurements

Measurement Intraclass correlation coefficient (P)
Arterial maximum flow velocity. 0.976
Arterial mean flow velocity 0.983
Arterial vessel diameter 0.999
Arterial volume flow 0.791
Venous maximum flow velocity 0.961
Venous mean flow velocity 0.990
Venous vessel diameter 1.000
Venous volume flow 0.773

Thus it is possible to see that there was high intra-rater reliability for all ultrasound
measurements performed as part of this study within the varicose vein population.

198



7.2.2.2 Arterial duplex

7.2.2.2.1 Maximum arterial velocity

The mean baseline maximal arterial velocity in the active limbs was 70.89 (SD
15.56) and passive limbs 69.19 (SD 13.07) cm/sec. Comparison of the groups
demonstrated no statistical significance [P = 0.774] in the difference between
baseline values. The change from baseline in the groups were 7.81 (SD 7.65) [P =
0.005 Paired T test] and 0.02 (SD 5.88) [P = 0.991 Paired T test] cm/sec in the
active and passive groups respectively equating to percentage changes of 11.49%
(SD 10.92) and 0.05% (SD 8.53). The differences in the change seen between the
active and passive limbs were statistically significant [P = 0.011 Unpaired T test]
(Figures 112-114).

Figure 112: Maximal arterial velocity change from baseline

Error bar chart demonstrating the maximal arterial velocity and at baseline at 30 minutes in the active
and passive groups [the mean is represented as a circle and the confidence interval is represented by
a line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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Figure 113: Active stimulation limbs: Change in maximum arterial velocity (cm/sec) from
baseline with 30 minutes of stimulation (n = 12)
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Figure 114: Passive stimulation limbs: Change in maximum arterial velocity (cm/sec) from
baseline with 30 minutes of stimulation (n = 12)
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7.2.2.2.2 Mean arterial velocity

The baseline mean arterial velocity in the active limbs was 9.11 (SD 2.28) and
passive limbs 9.05 (SD 1.64) cm/sec. The difference between the limbs was not
statistically significant (P = 0.774 Unpaired T test).

The change from baseline with the device was 1.43 (SD 1.53) [P = 0.008 Paired T
test] and passive limbs -0.71 (SD 0.94) cm/sec [P = 0.023 Paired T test] in the
active and passive limbs respectively equating to percentage changes of 16.97%
(SD 16.11) and -8.02% (SD 10.09) respectively. The difference in the changes seen
between the groups was statistically significant (P = 0.011 Unpaired T test) (Figures
115-117).
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Figure 115: Mean arterial velocity change from baseline

Error bar chart demonstrating the mean arterial velocity at baseline and at 30 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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Figure 116: Active stimulation limbs: Change in mean arterial velocity (cm/sec) from baseline
with 30 minutes of stimulation (n = 12)
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Figure 117: Passive stimulation limbs: Change in mean arterial velocity (cm/sec) from baseline
with 30 minutes of stimulation (n = 12)
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7.2.2.2.3 Arterial diameter

The mean arterial diameter at baseline in the active limbs 7.80 (SD 1.27) and
passive limbs 7.75 (SD 1.27) mm. The difference between the baseline value in the
groups was not statistically significant (P = 0.924 Unpaired T test). The change from
baseline with stimulation was 0.01 (SD 0.08) [P = 0.727 Paired T test] and 0.04 (SD
0.04) mm [P = 0.003 Paired T test] in the active and passive limbs respectively
equating to percentage changes of 0.18% (SD 0.96) and 0.53% (SD 0.44). Unpaired
T test analysis demonstrated this difference in the change between the limbs was
not statistically significant (P = 0.076).

7.2.2.2.4 Arterial volume flow

The mean arterial flow at baseline in the active limbs was 0.38 (SD 0.14) and
passive limbs 0.38 (SD 0.14) L/min. Flow at baseline was comparable between the
two groups (P = 0.986 Unpaired T test). The change from baseline with stimulation
was 0.08 (SD 0.04) [P < 0.001 Paired T test] and -0.02 (SD 0.03) L/min [P = 0.012
Paired T test] in the active and passive limbs respectively equating to percentage
changes of 21.72% (SD 10.41) and -5.90% (SD 6.69). Unpaired T test analysis
demonstrated that the difference in the change seen between the active and passive
limbs was statistically significant (P < 0.001) (Figures 118-120).
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Figure 118: Arterial volume flow change from baseline

Error bar chart demonstrating the arterial volume flow at baseline and at 30 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 119: Active stimulation limbs: Change arterial volume flow (L/min) from baseline with 30

minutes of stimulation (n = 12)
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Figure 120: Passive stimulation limbs: Change arterial volume flow (L/min) from baseline with
30 minutes of stimulation (n = 12)
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7.2.2.3 Venous duplex

7.2.2.3.1 Venous maximum velocity

The baseline mean maximum venous velocity in the active limbs was 15.09 (SD
5.57) and the passive limbs 15.45 (SD 4.88) cm/sec. Comparison of the baseline
values demonstrated the differences between the groups to be insignificant (P =
0.868 Unpaired T test).

The change from baseline with stimulation in the active limbs was 4.30 (SD 4.15) [P
= 0.004 Paired T test] and passive limbs -0.71 (SD 2.75) cm/sec [P = 0.390 Paired T
test], equating to percentage changes of 33.65% (SD 33.03) and -4.90% (SD
15.23). Comparison of the changes from baseline in the 2 groups demonstrated that
this was statistically significant (P = 0.002 Unpaired T test) (Figures 121-123).
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Figure 121: Maximal venous velocity change from baseline

Error bar chart demonstrating the maximal venous velocity at baseline and at 40 minutes in the active
and passive groups [the mean is represented as a circle and the confidence interval is represented by
a line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
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Figure 122: Active stimulation limbs: Change in maximum venous velocity (cm/sec) from
baseline with 40 minutes of stimulation (n = 12)
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Figure 123: Passive stimulation limbs: Change in maximum venous velocity (cm/sec) from

baseline with 40 minutes of stimulation (n = 12)
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7.2.2.3.2 Venous mean velocity

The average mean velocity in the active limbs at baseline was 5.50 (SD 1.78) and

the passive limbs 5.68 (SD 2.20) cm/sec. Comparison of the baseline values
demonstrated the difference to be insignificant (P = 0.825 Unpaired T test). The
change from baseline with stimulation in the active limbs was 1.24 (SD 1.06) [P =

0.002 Paired T test] and passive -0.35 (SD 0.49) cm/sec [P = 0.031 Paired T test]

equating to percentage changes of 24.97% (SD 20.92) and -6.30% (SD 10.67).
Comparison of the changes from baseline in the active and passive groups
demonstrated that that the differences were statistically significant (P < 0.001

Unpaired T test) (Figures 124-126).
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Figure 124: Mean venous velocity change from baseline

Error bar chart demonstrating the mean venous velocity at baseline and at 40 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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Figure 125: Active stimulation limbs: Change in mean venous velocity (cm/sec) from baseline
with 40 minutes of stimulation (n = 12)
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Figure 126: Passive stimulation limbs: Change in mean venous velocity (cm/sec) from baseline
with 40 minutes of stimulation (n = 12)
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7.2.2.3.3 Venous diameter

The average venous diameter at baseline in the active limbs was 8.33 (SD 2.00)
and the passive limbs 8.32 (SD 2.04) mm. Comparison of the baseline value
between the groups demonstrated an insignificant difference (P = 0.825 Unpaired T
test). The change from baseline with stimulation in the active limbs was -0.01 (SD
0.05) [P = 0.734 Paired T test] and passive -0.06 (SD 0.10) mm [P = 0.050 Paired T
test] equating to percentage changes of -0.06% (SD 0.71) and -0.72% (SD 1.10).
The difference in change from baseline in the 2 groups was not statistically
significant (P < 0.001 Unpaired T test). (Figures 127-129)
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Figure 127: Venous diameter change from baseline

Error bar chart demonstrating the venous diameter at baseline and at 40 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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Figure 128: Active stimulation limbs: Change in mean venous diameter (mm) from baseline with
40 minutes of stimulation (n = 12)
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Figure 129: Passive stimulation limbs: Change in mean venous diameter (mm) from baseline
with 40 minutes of stimulation (n = 12)
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7.2.2.3.4 Venous volume flow

The mean volume flow at baseline in the active limbs was 0.27 (SD 0.10) and the
passive limbs 0.28 (SD 0.12) L/min. Comparison of the baseline values

demonstrated an insignificant difference (P = 0.707 Unpaired T Test). The change

from baseline with stimulation in the active limbs was 0.08 (SD 0.06) [P = 0.001

Paired T test] and passive -0.02 (SD 0.02) L/min [P = 0.024 Paired T test] equating

to percentage changes of 78.50% (SD 57.12) and -18.50% (SD 24.41). Comparison
of the difference in change from baseline in the 2 groups was statistically significant
[P <0.001 Unpaired T test] (Figures 130-132).
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Figure 130: Venous volume flow change from baseline

Error bar chart demonstrating the venous volume flow at baseline and at 40 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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Figure 131: Active stimulation limbs: Change in venous volume flow (L/min) from baseline with
40 minutes of stimulation (n = 12)
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Figure 132: Passive stimulation limbs: Change in venous volume flow (L/min) from baseline
with 40 minutes of stimulation (n = 12)
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7.2.2.4 Skin perfusion/ Laser Doppler flowmetry

There was no appreciable change in skin temperature during the study period.
Baseline temperature in the active group was 29.84 (SD 2.32) and passive group
29.38 (SD 2.04) °C. The difference in baseline values was not statistically significant
[P = 0.630 Unpaired T test].

The change in temperature from baseline was 0.33 (SD 0.94)[P = 0.257 Paired T
test], passive group 0.52 (SD 1.14) °C [P = 0.258 Paired T test]. The differences in
change from baseline between the two groups was not statistically significant [P =
0.657 Unpaired T test].

Baseline microcirculatory flow in the active groups was 12.37 (SD 7.24) and the
passive group 35.30 (SD 36.70). The difference in baseline values seen in the
groups was not statistically significant [P = 0.056 Unpaired T test]. The change at 15
minutes from baseline in the active group was 18.69 (SD 23.28) [P = 0.024 Paired T
test], in the passive group was 1.16 (SD 6.74) [P = 0.579 Paired T test]. Analysis of
the differences seen between the active and passive groups demonstrated statistical
significance [P = 0.026 Unpaired T test].

The change at 30 minutes from baseline in the active groups was 25.29 (SD 27.07)
[P =0.011 Paired T test] and passive -1.81 (SD 9.42) [P = 0.538 Paired T test].
Analysis of the differences in the changes seen was demonstrated to be statistically
significant [P = 0.005 Unpaired T test].

The change at 45 minutes from baseline in the active group was 22.31 (SD 17.37)
[P = 0.002 Paired T test] and passive -3.38 (SD 4.68) [P = 0.038 Paired T test].
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Analysis of the differences in the changes seen demonstrated statistical significance
(P < 0.001 Unpaired T test).

The change at 15 minutes following device deactivation in the active groups was -
1.36 (SD 4.27) [P = 0.315 Paired T test] and passive -7.27 (SD 8.61) [P = 0.019
Paired T test]. Analysis of the differences in the changes seen demonstrated non-
significance (P = 0.055 Unpaired T test) (Figure 133).

Figure 133: Laser Doppler flowmetry change from baseline

Error bar chart demonstrating laser Doppler flowmetry at baseline and at 40 minutes in the active and
passive groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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7.2.2.5 Cardiovascular effects

The mean heart rate at baseline was 73.25 (SD 11.32) and decreased to 69.50 (SD
11.16) 30 minutes after initiation of stimulation [P = 0.078 Paired T test]. The heart
rate was 71.41 (SD 9.50) following deactivation of the device [P = 0.298 Paired T
test].

There was no significant change in systolic blood pressure following device
activation [P = 0.593 Paired T test] or deactivation [P = 0.246 Paired T test]. There

213



was no significant change in diastolic blood pressure following device activation [P =
0.734 Paired T test] or deactivation [P = 0.297 Paired T test].

7.3 Randomised patients

7.3.1 Baseline Characteristics

The final 10 participants were randomised to either active stimulation (i.e.
one limb received active stimulation and other limb deemed passive) or a
control group (i.e. stimulation device applied but not activated). Statistical
analysis of the patients in the active and control groups was carried out to
establish if they were comparable (Tables 27-29).

Table 27: Comparison of the baseline characteristics of participants in the active and control
groups

Active n=5 Control n=5 P value

Age (mean inyrs) 61.40 (SD 4.28) 58.00 (SD 8.00) 0.426"
Sex 3F,2M 3F,2M 1.000~
Smoking status 1 current, 4 never 2 current, 3 never  0.500~
Pack years 3.00 (SD 6.71) 12.00 (17.89) 0.3237
(mean)

EtOH 4 current, 1 never 4 current, 1 never 1.000~
EtOH units/ week 7.20 (SD 5.76) 8.20 (SD 8.67) 0.835"
(mean)

BMI (mean) 27.84 (SD 4.26) 27.80 (SD 3.62) 0.988"

A Unpaired T test (NB Shapiro Wilk test utilised to establish normality of distribution
for data. P> 0.05 in all cases)
~ Fishers exact test
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Table 28: Comparison of comorbidities

Active Control P value

Diabetes 4 No, 1 Yes 5 No 0.500~
Cerebrovascular 4 No, 1 Yes 5 No 0.500~
disease

Hypertension 3 No, 2 Yes 4 No, 1 Yes 0.500~
Cardiovascular 4 No, 1 Yes 5No, 1 Yes 0.500~
disease

Respiratory 5 No 4 No, 1 Yes 0.500~

~Fisher’s exact test

Table 29: Comparison of concomitant medications between active and control groups

Active Control P value
Antiplatelet 5 Yes 5 Yes 1.000~
Beta blocker 3 No, 2 Yes 5 No 0.222~
ACE inhibitor 4 No, 1 Yes 4 No, 1 Yes 0.778~
Statin 3 No, 2 Yes 5 No 0.222~

~Fisher’s exact test

It is possible to see that the groups of patients, active and control, were similar in all
regards.

7.3.2 Randomised patients: Haemodynamic Efficacy of geko™ in
patients with varicose veins

7.3.2.1 Arterial duplex
7.3.2.1.1 Maximum arterial velocity

The baseline maximum arterial velocity was 74.13 (SD 13.99) in the active limbs,
71.47 (SD 15.58) in the passive limbs and 67.51 (SD 11.70) cm/sec in the control
limbs [P = 0.646 ANOVA]. The mean change in maximum arterial velocity from
baseline in the active limbs was 3.33 (SD 6.26) [Paired T test P = 0.300]; passive -
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6.32 (SD 6.31) [Paired T test P = 0.089] and control limbs -1.29 (SD 5.12) cm/sec
[Paired T test P = 0.446] equating to percentage changes of 5.30% (SD 8.79), -
8.29% (SD 7.51) and -1.12% (SD 7.26) respectively (Figures 134-137).

The difference in change from baseline between the active and passive groups was
statistically significant [Unpaired T Test: P = 0.041] whilst not significant when
comparing the passive and control limbs, P = 0.119 [Unpaired T Test]. ANOVA
analysis demonstrated statistical significance P = 0.050, which was further
investigated with post hoc Bonferonni analysis: active versus passive limbs P =
0.048, active versus control limbs P = 0.471 and control versus passive limbs P
=0.376.

Figure 134: Maximum arterial velocity change from baseline

Error bar chart demonstrating the maximum arterial velocity and at baseline at 30 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 135: Active stimulation limbs: Change in maximum arterial velocity (cm/sec) from

baseline with 30 minutes of stimulation (n = 5)
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Figure 136: Passive limbs: Change in maximum arterial velocity (cm/sec) from baseline with 30

minutes of stimulation of contralateral limb (n = 5)
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Figure 137: Control limbs: Change in maximum arterial velocity (cm/sec) from baseline with 30

minutes of device applied to limbs but not activated (n = 10)
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7.3.2.1.2 Mean arterial velocity

The mean baseline mean arterial velocity in the active limbs was 9.45 (SD 4.24),
passive limbs 8.95 (SD 3.98) and control limbs was 9.95 (SD 2.15) cm/sec. There
was no statistically significant difference in baseline values on ANOVA analysis [P =
0.848].

The change in mean arterial velocity from baseline in the active limbs was 1.11 (SD
1.07) [Paired T Test P = 0.083], passive limbs -1.23 (SD 1.93)[Paired T test P =
0.227] and control limbs was -0.09 (SD 0.34) cm/sec [Paired T Test P = 0.422]
equating to percentage changes of 17.40% (SD 23.29), -9.98% (SD 14.67) and -
0.81% (SD 3.61) respectively. The difference in change from baseline between the
active and passive groups was statistically significant (Unpaired T Test: P = 0.046).
Passive versus control P = 0.083 (Unpaired T test). ANOVA analysis of the change
from baseline for the 3 groups was statistically significant (P = 0.013) with post hoc
Bonferonni demonstrating: active versus control P = 0.191, active versus passive P
= 0.011 but passive versus control P = 0.226 (Figures 138-141).

Figure 138: Mean arterial velocity change from baseline

Error bar chart demonstrating the mean arterial velocity at baseline and at 30 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 139: Active stimulation limbs: Change in mean arterial velocity (cm/sec) from baseline

with 30 minutes of stimulation (n = 5)
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Figure 140: Passive limbs: Change in mean arterial velocity (cm/sec) from baseline with 30

minutes of stimulation of contralateral limb (n = 5)
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Figure 141: Control limbs: Change in mean arterial velocity (cm/sec) from baseline with 30

minutes of device applied to limbs but not activated (n = 10)
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7.3.2.1.3 Arterial diameter

The mean baseline arterial diameter in the active group was 7.75 (SD 0.52), passive
group 7.69 (SD 0.81) and control group 7.51 (SD 0.86) mm. The difference in
baseline values was not statistically significant [P = 0.821 ANOVA]. The mean
change in arterial diameter in the active group was 0.07 (SD 0.07)[Paired T test P =
0.074], passive group -0.02 (SD 0.08)[Paired T test P = 0.622] and control group
0.00 (SD) mm [Paired T test P = 0.957], equating to percentage changes of 0.99%
(SD 0.92), -0.23% (SD 1.01) and -0.01% (SD 0.52) respectively.

The difference in change from baseline between the active and passive groups was
not statistically significant [Unpaired T Test: P = 0.090], passive versus control P =
0.521 [Unpaired T Test]. ANOVA analysis to investigate the change in diameter from
baseline was statistically insignificant [P = 0.054] (Figure 142).

Figure 142: Arterial diameter change from baseline

Error bar chart demonstrating the arterial diameter at baseline and at 30 minutes in the active, passive
and control groups [the mean is represented as a circle and the confidence interval is represented by a
line protruding from the mean to a short horizontal line representing the limits of the confidence: 95%
Cl)
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7.3.2.1.4 Arterial volume flow

The baseline values for arterial volume flow for the active limbs was 0.38 (SD 0.16),
passive group 0.35 (SD 0.14) and control group 0.38 (SD 0.11) L/min. The
difference in baseline values was not statistically significant [P = 0.893 ANOVA].
The mean change in arterial volume flow in the active limbs was 0.07 (SD 0.03)
[Paired T test P = 0.010], passive limbs -0.05 (SD 0.08) [Paired T test P = 0.255]
and control limbs -0.01 (SD 0.01) [Paired T Test P = 0.035] equating to percentage
changes of 21.07% (SD 16.11), -9.57% (SD 12.62) and -2.79% (SD 3.75)
respectively.

The difference in change from baseline between the active and passive groups was
statistically significant [Unpaired T Test: P = 0.016] but not when comparing the
passive and control groups [Unpaired T test P = 0.178]. This was confirmed on
ANOVA analysis [P = 0.001] with post hoc Bonferonni: active versus passive P =
0.001; active versus control P = 0.008 and passive versus control P = 0.454
(Figures 143-146).

Figure 143: Arterial volume flow change from baseline

Error bar chart demonstrating the arterial volume flow at baseline and at 30 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)

Active: limbs on which device is applied and active (n = 5)
Passive: contralateral limb to active limbs (n = 5)
Control: limbs on which device was applied but not activated (n = 10)

I Baseline
0.74 _ Following 40mins
P=0.010 stimulation- device still
- active

0% P=0.255 -
[= P =0.035 _
E
S 0.5
=
o
=
£
H 0.4
]
=
B
3 03
go
<L

0.29 1

P =0.001 ANOVA
0.1
T T T
control passive active

Group

221



Figure 144: Active stimulation limbs: Change in arterial volume flow (L/min) from baseline with
30 minutes of stimulation (n = 5)
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Figure 145: Passive limbs: Change in arterial volume flow (L/min) from baseline with 30 minutes
of stimulation of contralateral limb (n = 5)
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Figure 146: Control limbs: Change in arterial volume flow (L/min) from baseline with 30 minutes
of device applied to limbs but not activated (n = 10)
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7.3.2.2 Venous duplex

7.3.2.2.1 Maximum venous velocity

Baseline maximum venous velocity in the active limbs was 15.55 (SD 3.24), passive
limbs 13.93 (SD 2.40) and control limbs 17.23 (SD 5.49) cm/sec. ANOVA analysis
determined the difference in baseline values was not statistically significant [P =
0.407]. The mean change in maximum venous velocity in the active limbs was 6.33
(SD 2.87) [Paired T test P = 0.008], passive limbs 0.89 (SD 1.91) [Paired T test P =
0.356] and control limbs 0.86 (SD 1.82) cm/sec [Paired T test P = 0.170] equating to
percentage changes of 44.08% (SD 21.62), 6.27% (SD 11.92) and 6.33% (SD
10.10) respectively.

The difference in change from baseline between the active and passive groups was
statistically significant [Unpaired T Test: P = 0.008] whilst not for passive and control
[Unpaired T test P = 0.972]. ANOVA analysis determined that the differences in the
changes from baseline were significant [P = 0.001] however post hoc Bonferonni
demonstrated: active versus passive P = 0.003; active versus control P = 0.001 and
control versus passive P = 1.000 (Figures 147-150).
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Figure 147: Maximum venous velocity change from baseline

Error bar chart demonstrating the maximum venous velocity at baseline and at 40 minutes in the

active, passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 148: Active limbs: Change in maximum venous velocity (cm/sec) from baseline with 40
minutes of stimulation (n = 5)

Maximum venous velocity
cm/sec

25

N
o

P =0.008 Paired T test

=y
w

[any
o

Baseline

40mins

224



Figure 149: Passive limbs: Change in maximal venous velocity (cm/sec) from baseline with 40
minutes of stimulation of contralateral limb (n = 5)
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Figure 150: Control limbs: Change in maximal venous velocity (cm/sec) from baseline with 40
minutes of device applied to limbs but not activated (n = 10)
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7.3.2.2.2 Mean venous velocity

The baseline values for mean venous velocity in the active limbs was 4.67 (SD
1.14), passive limbs 4.97 (SD 1.22) and control limbs 6.90 (SD 2.38) cm/sec.
ANOVA analysis determined that the difference in baseline values was not
statistically significant [P = 0.077].

The change in mean venous velocity in the active limbs was 1.27 (SD 0.18) [Paired
T test P < 0.001], passive -0.45 (SD 0.23) [Paired T test P = 0.011] and control limbs
0.05 (SD 0.56) cm/sec [Paired T test P = 0.784] equating to percentage changes of
28.35% (SD 7.03), -9.35% (SD 4.25) and 0.85% (SD 9.01) respectively.

The difference in change from baseline between the active and passive groups was
not statistically significant [Unpaired T Test: P < 0.001] whilst not for passive and
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control [Unpaired T test P = 0.077]. The difference in change from baseline between
the groups was statistically significant (ANOVA P < 0.001). Post hoc Bonferonni
demonstrated that: active versus passive P < 0.001; active versus control P < 0.001
and control versus passive P = 0.140 (Figure 151-154).

Figure 151: Mean venous velocity change from baseline

Error bar chart demonstrating the mean venous velocity at baseline and at 40 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)
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Figure 152: Active limbs: Change in mean venous velocity (cm/sec) from baseline with 40

minutes of stimulation (n = 5)
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Figure 154: Control limbs: Change in mean venous velocity (cm/sec) from baseline with 40
minutes of stimulation (n = 10)
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7.3.2.2.3 Venous diameter

The mean baseline venous diameter in the active group was 9.21 (SD 1.76),
passive group 9.00 (SD 0.97) and control group 6.88 (SD 1.20) mm. The difference
in baseline values was not statistically significant [P = 0.005 ANOVA, Active vs
control P = 0.014, active vs passive P = 1.000, control vs passive P = 0.026]. The
mean change in venous diameter in the active group was 0.03 (SD 0.10) [Paired T
test P = 0.588], passive group 0.01 (SD 0.08)[Paired T test P = 0.862] and control
group -0.03 (SD 0.05) mm [Paired T test P = 0.119], equating to percentage
changes of 0.22% (SD 0.99), 0.13% (SD 0.88) and -0.42% (SD 0.72) respectively.

The difference in change from baseline between the active and passive groups was
not statistically significant [Unpaired T Test: P =0.737], passive versus control P =
0.315 (Unpaired T Test). ANOVA analysis to investigate the change in diameter
from baseline was statistically insignificant [P = 0.366].

7.3.2.2.4 Venous volume flow

The baseline values for venous volume flow for the active limbs was 0.29 (SD 0.11),
passive group 0.31 (SD 0.16) and control group 0.25 (SD 0.13) L/min. The
difference in baseline values was not statistically significant [P = 0.614 ANOVA|.
The mean change in mean venous volume flow in the active limbs was 0.12 (SD
0.06) [Paired T test P = 0.008], passive limbs -0.02 (SD 0.02) [Paired T test P =
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0.178] and control limbs 0.00 (SD 0.02) [Paired T Test P = 0.953] equating to
percentage changes of 39.68% (SD 7.34), -5.60% (SD 8.26) and -1.31% (SD 7.53)
respectively.

The difference in change from baseline between the active and passive groups was
statistically significant [Unpaired T Test: P = 0.001] but not when comparing the
passive and control groups [Unpaired T test P = 0.129]. This was confirmed on
ANOVA analysis [P < 0.001] with post hoc Bonferonni: active versus passive P <
0.001; active versus control P < 0.001 and passive versus control P = 1.000
(Figures 155-158).

Figure 155: Venous volume flow change from baseline

Error bar chart demonstrating the venous volume flow at baseline and at 40 minutes in the active,
passive and control groups [the mean is represented as a circle and the confidence interval is
represented by a line protruding from the mean to a short horizontal line representing the limits of the
confidence: 95% Cl)

Active: limbs on which device is applied and active (n = 5)
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Figure 156: Active limbs: Change in venous volume flow (L/min) from baseline with 40 minutes

of stimulation (n = 5)
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Figure 157: Passive limbs: Change in venous volume flow (L/min) from baseline with 40
minutes of stimulation (n = 5)
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Figure 158: Control limbs: Change in venous volume flow (L/min) from baseline with 40 minutes

of stimulation (n = 10)
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7.3.2.3 Skin perfusion/ Laser Doppler flowmetry

There was no appreciable change in skin temperature during the study period.
Baseline temperature in the active group was 29.52 (SD 1.99), passive group 30.04
(SD 1.82) and control group 30.09 (SD 1.48)°C. The difference in baseline values
was not statistically significant [P = 0.819 ANOVA].

The change in temperature from baseline was active 0.50 (SD 0.78)[P = 0.224
Paired T test], passive group 0.36 (SD 0.92) and control group -0.10 (SD 0.30) °C [P
= 0.322 Paired T test]. The differences in change from baseline between the two
groups was not statistically significant [P = 0.121 ANOVA|.

Baseline microcirculatory flow in the active groups was 14.36 (SD 7.44), passive
group 18.16 (SD 14.20) and control group 15.40 (SD 7.04). The difference in
baseline values seen in the groups was not statistically significant [P = 0.797
ANOVA]. The change at 15 minutes from baseline in the active group was 41.50
(SD 34.21) [P = 0.053 Paired T test], in the passive group was 0.94 (SD 3.99) [P =
0.626 Paired T test] and the control group 0.89 (SD 1.85) [P = 162 Paired T test].
Analysis of the differences seen between the active and passive groups
demonstrated statistical significance [P = 0.001 ANOVA: active versus passive P =
0.004; active versus control P = 0.001; passive versus control P = 1.000].

The change at 30 minutes from baseline in the active groups was 35.30 (SD 20.67)
[P =0.019 Paired T test] and passive 1.92 (SD 5.48) [P = 0.477 Paired T test] and
control -0.38 (SD 2.03) [P = 0.568 Paired T test]. Analysis of the differences in the
changes seen was demonstrated to be statistically significant [P < 0.001 ANOVA.
Bonferonni; active versus passive P < 0.001; active versus control P < 0.001 and
passive versus control P = 1.000].

The change at 45 minutes from baseline in the active group was 38.60 (SD 25.36)
[P = 0.027 Paired T test], passive 5.32 (SD 11.89) [P = 0.374 Paired T test] and
control -1.86 (SD 1.84) [P = 0.011 Paired T test]. Analysis of the differences in the
changes seen demonstrated statistical significance [P < 0.001 ANOVA, Bonferonni:
active versus passive 0.004; active versus control P < 0.001; passive versus control
P =1.000].

The change at 15 minutes following device deactivation in the active groups was -
4.66 (SD 3.51) [P = 0.041 Paired T test], passive -1.46 (SD 4.65) [P = 0.522 Paired
T test] and control -0.81 (SD 2.00) [P = 0.231 Paired T test]. Analysis of the
differences in the changes seen demonstrated non-significance [P = 0.110 ANOVA]
(Figure 159).
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Figure 159: Laser Doppler flowmetry change from baseline

Error bar graph demonstrating mean laser Doppler flowmetry readings through the study period in each
group. [the mean is represented as a circle and the confidence interval is represented by a line
protruding from the mean to a short horizontal line representing the limits of the confidence: 95% CI)
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7.3.2.4 Cardiovascular effects

The mean heart rate at baseline in the active group was 65.20 (SD 7.92) and 80.00
(SD 9.80) beats per minute in the passive group. Comparison of the baseline values
demonstrated statistical significance [P = 0.031 Unpaired T test].

After 30 minutes of stimulation the heart rate decreased by 1.20 (SD 6.06) in the
active group [P = 0.681 Paired T test] and in the control group -5.80 (SD 3.96) [P =
0.031 Paired T test]. Comparison of the changes demonstrated non-significance [P
= 0.193 Unpaired T test].

The heart rate increased by 0.80 (SD 4.60) [P = 0.717 Paired T test] in the active
group and 0.60 (SD 3.51) in the control group [P = 0.722 Paired T test] following
deactivation of the device. Unpaired T test analysis of the changes demonstrated
non-significance [P = 0.940].

Systolic blood pressure at baseline in the active group was 142.60 (SD 28.59) and
control 122.60 (SD 19.53) mmHg. Comparison of baseline values determined them
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to be comparable [P = 0.233 Unpaired T test]. Systolic BP decreased at 30 minutes
by 8.00 (SD 17.36) in the active group [P = 0.361 Paired T test] and 1.00 (SD 4.74)
in the control group [P = 0.662 Paired T test]. Comparison of the differences seen
demonstrated insignificance [P = 0.410 Unpaired T test]. Systolic BP increased from
30minutes to the end of the study period in the active group by 4.60 (SD 6.66) [P =
0.197 Paired T test] and 0.20 (SD 2.28) [P = 0.854 Paired T test] mmHg in the
control group. Comparison of the differences seen demonstrated insignificance [P =
0.200 Unpaired T test].

Diastolic blood pressure at baseline in the active group was 77.4 (SD 9.94) and
control 75.20 (SD 10.71) mmHg. Comparison of baseline values determined them to
be comparable [P = 0.902 Unpaired T test]. Diastolic BP decreased at 30 minutes
by 1.20 (SD 7.36) in the active group [P = 0.734 Paired T test] and increased by
0.60 (SD 4.98) in the control group [P = 0.801 Paired T test]. Comparison of the
differences seen demonstrated insignificance [P = 0.582 Unpaired T test]. Diastolic
BP increased from 30minutes to the end of the study period in the active group by
3.00 (SD 4.12) [P = 0.543 Paired T test] and 2.80 (SD 4.44) [P = 0.433 Paired T
test] mmHg in the control group. Comparison of the differences seen demonstrated
insignificance [P = 0.943 Unpaired T test].
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Chapter Eight: Research question 6:
The effects of peroneal nerve electrical
neuromuscular stimulation on
angiogenesis and fibrinolysis

A total of 77 subjects consented to participate in plasma sampling as part of
the study: 30 claudicants (25 active and 5 controls); 25 infrainguinal bypass
grafts (19 active and 6 control) and 21 varicose vein patients (17 active and 5
controls).

Figure 160: Examples of ELISA assay plates

8.1 Effect of geko™ on Tissue Plasminogen Activator levels

8.1.1 Claudicants

The mean baseline t-PA in the claudicants was 3714.3 pg/ml (SD 1368.1).
The mean decrease in t-PA from baseline in the active group was 411.2pg/ml
(P <0.001), passive 259.5 pg/ml (P = 0.001) and control group 354.9 pg/ml
(P =0.011). The differences between groups were not statistically significant
(P =0.295).
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8.1.2 Infra-inguinal bypass grafts

Mean baseline t-PA in the bypass patients was 5260.3 pg/ml (SD 2070.1).
The mean reduction in t-PA levels from baseline the active limbs was 184.4
pg/ml (P = 0.140), passive limbs 271.1 pg/ml (P = 0.094) and control 111.2
pg/ml (P = 0.499). Intergroup analysis of the change from baseline
demonstrated that the differences between groups was not statistically
significant (P = 0.767).

8.1.3 Varicose veins

The mean baseline t-PA in the varicose vein patients was 3903.0 pg/ml (SD
1034.9). The mean decrease in t-PA levels from baseline in the active limbs
was 227.4 pg/ml (P = 0.051), passive 289.1 pg/ml (P = 0.016) and control
limbs 317.2 pg/ml (P = 0.002). The difference in the changes seen between
groups is not statistically significant (P = 0.830).

8.1.4 All participants

The mean baseline t-PA level was significantly higher on ANOVA testing in
the infra-inguinal bypass group than the claudicants (P < 0.001) and varicose
vein group (P < 0.001) whilst there was no significant difference between the
claudicants and varicose vein groups (P = 1.000).

The mean baseline t-PA level, for all participants, in the active and passive
groups was 4260.0 (SD 1649.5) whilst the mean baseline t-PA level in the
control group was 4291.4 pg/ml (SD 1723.0). The difference in mean t-PA at
baseline was not statistically significant (P = 1.000).
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Table 30: Comparison of baseline t-PA with and without the presence of risk factors or

concomitant medications

Variable

Smoking

EtOH

Diabetes
Cerebrovascular
Hypertension
Respiratory
Cardiovascular
Antiplatelets
Aspirin
Clopidogrel
Warfarin

ACEI

Statin

ABPI <0.9

N=

26
57
11
10
42
8

22
52
46
14
5

27
52
24

Present
Mean
(pg/ml)
4077.7
4330.0
4287.8
4956.2
4698.7
4308.9
5127.7
4359.3
4097.7
5321.3
5983.6
4704 .1
4433.7
3872.2

SD

1756.1
1620.4
1805.7
1124.2
1608.0
1563.5
1599.3
1834.5
1606.8
1882.2
2132.6
1645.3
1781.2
1218.4

49
18
64
65
33
67
53
23
29
61
70
48
23
51

Absent
Mean
(pg/ml)
4359.6
4046.1
4257.4
4155.1
3706.0
4256.3
3902.5
4041.7
4522.3
4018.7
4138.9
4013.2
3873.5
4445.3

SD

1677.4
1960.7
1694.5
1752.5
1670.3
1724.9
1619.9
1352.7
1833.4
1571.2
1612.6
1694.0
1456.9
1865.5

Significance

(P=)

0.498
0.540
0.957
0.167
0.011
0.935
0.004
0.459
0.295
0.009
0.018
0.091
0.190
0.175

The baseline level of t-PA was statistically significantly lower in patients who

were taking warfarin or clopidogrel and significantly higher in individuals with

cardiovascular disease.

The mean change in t-PA in the active group was -302.4 pg/ml (SD 428.2)
equating to a percentage change of -7.7% (Paired T-test P < 0.001). The
mean change in t-PA in the passive group was -271.3 pg/ml (SD 467.8)

equating to a percentage change of -5.5% (P < 0.001). The mean change in

t-PA in the control group -287.2 pg/ml (SD 383.1) equating to a percentage
change of -6.85% (P < 0.001).
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Figure 161: tPA

Error bar chart demonstrating the mean plasma tPA level at baseline and at 40
minutes in the active, passive and control groups [the mean is represented as a
circle and the confidence interval is represented by a line protruding from the mean
to a short horizontal line representing the limits of the confidence: 95% ClI)
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Inter-group analysis [ANOVA] demonstrated that the differences in the
changes seen in the three groups were not statistically significant (P =
0.079).

Linear regression did not demonstrate any relationship between the change
in flow and the change in t-PA level.
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Figure 162: Relationship between change in flow and change in t-PA level
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8.2 Effect of geko™ on Plasminogen Activator Inhibitor-1
levels

8.2.1 Claudicants

The mean baseline PAI-1 in the claudicants was 185.5 ng/ml (SD 68.3). The
reduction in PAI-1 from baseline in the active group was 36.5ng/ml (P =
0.001), passive 6.6ng/ml (P = 0.247) and control group 9.0ng/ml (P = 0.240).
Intergroup analysis comparing the change from baseline demonstrated that
the reduction in PAI-1 was statistically significant when comparing the active
and passive groups (P = 0.021), whilst non-significant for active versus

control (P = 0.162) and passive versus control (P = 1.000).
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8.2.2 Infra-inguinal bypass grafts

Mean baseline PAI-1 in the bypass patients was 207.0 ng/ml (SD 71.9). The
PAI-1 from baseline in the active group reduced by 44.1 ng/ml (P = 0.007),
increased in the passive limbs by 1.1 ng/ml (P = 0.919) and decreased by 3.2
ng/ml in the control limbs (P = 0.514). ANOVA analysis demonstrated that
the change in PAI-1 from baseline was statistically significant when
comparing the active versus control (P = 0.038) and passive (P = 0.021) but

non-significant when comparing passive and control (P = 1.000).

8.2.3 Varicose veins

The mean baseline PAI-1 in the varicose veins was 194.9 ng/ml (SD 106.2).
The decrease in PAI-1 from baseline in the active limbs was 11.7 ng/ml (P =
0.316), passive 29.1 ng/ml (P = 0.098) and control 3.5 ng/ml (P = 0.668). The
differences in mean change between the groups was not significant (P =
0.421).

8.2.4 All Patients

There was no statistically significant difference in baseline PAI-1 when
comparing the bypass patients, claudicants or patients with varicose veins (P
= 0.393).
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Table 31: Comparison of baseline PAI-1 levels in presence and absence of risk factors and
concomitant medications

Variable

Smoking

EtOH

Diabetes
Cerebrovascular
Hypertension
Respiratory
Cardiovascular
Antiplatelets
Aspirin
Clopidogrel
Warfarin

ACEI

Statin

ABPI <0.8

N=

26
57
11
10
43
8

22
53
46
14
5

28
53
24

Present
Mean
(ng/ml)
218.0
204.6
213.5
168.8
196.5
251.2
190.0
197.3
200.7
192.8
91.7
202.1
203.8
176.0

SD

84.4
85.3
105.5
56.5
87.9
98.3
73.7
69.6
71.0
58.7
16.6
95.8
81.4
66.2

50
19
65
66
33
68
54
23
30
62
71
48
23
52

Absent
Mean
(ng/ml)
183.3
167.0
192.1
199.2
193.4
188.6
197.3
190.3
186.7
195.7
202.5
191.1
175.3
204.0

SD

78.6
64.1
77.7
84.6
74.4
77.8
85.4
106.4
96.8
86.5
79.6
73.2
81.0
121

Significance

(P=)

0.079
0.083
0.424
0.276
0.868
0.040
0.725
0.737
0.471
0.906
0.003
0.574
0.165
0.166

Mean baseline PAI-1 level for all participants in the active and passive

groups was 209.7 ng/ml (SD 88.9) whilst the mean baseline PAI-1 level in the

control group was 152.9 ng/ml (SD 58.3). The difference between the groups

was statistically significant (P = 0.006).

The mean change in PAI-1 in the active group was -34.0 ng/ml (SD 52.2)
equating to a percentage change of -16.2% (Paired T-test P < 0.001). The

mean change in PAI-1 in the passive group was -11.4 (SD 47.4) equating to

a percentage change of -3.6% (P = 0.063). The mean change in PAI-1 in the

control group was -2.73ng/ml (SD 21.3), equating to a percentage change of
-2.6% (P = 0.474).
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Figure 163: PAI-1

Error bar chart demonstrating the plasma concentration of PAI-1 at baseline and at
45 minutes in the active, passive and control groups [the mean is represented as a
circle and the confidence interval is represented by a line protruding from the mean
to a short horizontal line representing the limits of the confidence: 95% ClI)
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Inter-group analysis demonstrated that the difference in change in PAI-1
between the groups was statistically significant (P = 0.002). Post hoc
Bonferonni testing demonstrated that the difference between the active and
control limbs was statistically significant (P = 0.006) as was active and
passive (P = 0.019) however the difference between the control and passive
limbs was not statistically significant (P = 1.000).

Linear regression was performed to determine if the change in PAI-1 was
related to the change in flow.
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Figure 164: Relationship between change in flow and change in PAI-1 level
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8.3 Effect of geko™ on VEGF levels

8.3.1 Claudicants

Mean baseline VEGF in the claudicants was 727.7 pg/ml (SD 376.8). The
decrease in VEGF levels from baseline in the active limbs was 38.9 pg/ml (P
= 0.037), the passive 3.4 pg/ml (P = 0.857) and control 23.6 pg/ml (P =
0.619). Statistical analysis demonstrated that the difference in change from

baseline between groups was not statistically significant (P = 0.468).

8.3.2 Infra-inguinal bypass grafts

Mean baseline VEGF in the bypass patients was 742.0 pg/ml (SD 525.5).
The reduction in VEGF levels from baseline in the active limbs was 76.1
pg/ml (P = 0.247), passive limbs 1.3 pg/ml (P = 0.966) and increased in the
control limbs by 73.6 pg/ml (P = 0.119) groups. ANOVA analysis
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demonstrated no significant differences in the changes between groups (P =
0.138).

8.3.3 Varicose veins

The mean baseline VEGF in the varicose vein patients was 542.3 pg/ml (SD
238.9). The change from baseline of VEGF in the active limbs was an
increase of 1.1 pg/ml (P = 0.955) a decrease of 30.6 pg/ml in the passive
limbs (P=0.376) and an increase of 31.5 pg/ml in the control group (P =
0.048) (ANOVA P = 0.292).

8.3.4 All patients

ANOVA analysis to compare the baseline VEGF levels between the infra-
inguinal bypass patients, claudicants and patients with varicose veins
suggested statistical significance (P = 0.034) however this was not
demonstrated on Post hoc Bonferonni testing: bypass versus claudicants (P
= 1.000); bypass versus varicose veins (P = 0.058); varicose veins versus
claudicants (P = 0.071).
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Table 32: Comparison of baseline VEGF level in the presence and absence of risk factors and
concomitant medications

Present Absent Significance
Variable N= Mean SD N= Mean SD (P=)

(pg/ml) (pg/ml)
Smoking 26 764.9 552.7 50 637.6 312.1 0.202
EtOH 57 680.2 412.0 19 684.0 420.3 0.972
Diabetes 11 721.4 517.8 65 674.3 395.0 0.728

Cerebrovascular 10 528.2 222.5 66 704.3 429.2 0.209
Hypertension 43 687.8 397.6 33 672.5 434.6 0.874

Respiratory 8 595.6 228.9 68 691.2 427.7 0.538
Cardiovascular 22 686.3 423.8 54 679.0 410.1 0.945
Antiplatelets 53 732.4 456.0 23 563.0 253.2 0.099
Aspirin 46 735.2 482.1 30 598.2 255.0 0.157
Clopidogrel 14 636.1 221.5 62 691.3 443.8 0.653
Warfarin 5 392.4 78.3 71 701.5 417.7 0.105
ACEI 28 677.3 410.9 48 683.4 415.8 0.951
Statin 53 740.6 452.4 23 544 1 254.4 0.055
ABPI <0.8 24 661.0 331.4 52 690.4 446.0 0.774

Mean baseline VEGF levels in the active and passive groups was 692.4
pg/ml (SD 394.1) whilst the mean baseline VEGF level in the control group
was 730.5 pg/ml (SD 535.5). The difference in baseline values between the

groups was not statistically significant (P = 0.903).

The mean change in VEGF in the active group was -46.5 pg/ml (SD176.3),
equating to a percentage change of -8.6% (Paired T-test P = 0.40). The
mean change in VEGF in the passive group was -3.5 pg/ml (SD 118.8),
equating to a percentage change of -1.8% (P = 0.818). The mean change in
VEGF in the control group was 30.1 pg/ml (SD 128.1), equating to a
percentage change of 3.9% (P = 0.194) (ANOVA P = 0.014). Bonferonni
testing revealed the difference between the active and control group to be
statistically significant (P = 0.015) whilst the difference between the active
and passive (P = 0.185) and passive and control (P = 0.591) were not.
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Linear regression was performed to establish if the change in VEGF level
was related to the change in flow.

Figure 165: Relationship between change in flow and change in VEGF level
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Chapter Nine: Discussion

The studies provide a contribution to the evolving field of research focused
upon the potential role of transcutaneous, peroneal nerve stimulation as a

treatment adjunct in vascular disease.

This work evaluated five main questions; the first was patient centred and
related to the ability of the device to produce effective muscle twitch in
vascular patients and whether transcutaneous peroneal nerve stimulation
was deemed tolerable. The second concerned the ability of the peroneal
nerve stimulator to improve arterial, venous and microcirculatory flow in
patients with claudication or varicose veins. The third considered the ability of
the device to enhance flow through infra-inguinal bypass grafts. The fourth
was to determine whether geko™ usage affects plasma levels of vascular
endothelial growth factor and finally the fifth to establish the impact of device
use on levels of tissue plasminogen activator and plasminogen activator
inhibitor 1.

9.1 geko™ function and acceptability

9.1.1 Applicability

The geko™ was unable to stimulate visible muscle twitch in 59% of the
vascular patients tested, with the presence of moderate to severe oedema
and a Toronto neuropathy score greater than 5 retaining prognostic
significance on multivariable analysis. This led to the amendment of the
protocol to include patients with claudication and exclude those with critical
limb ischaemia in whom the device had proved ineffective.

This is clearly a marked limitation to its use as many vascular patients suffer
from diabetes with reports of a 28% increase in the risk of developing PAOD

with each 1% increase in HbA1c(81). The prevalence of neuropathy within
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diabetic patients is related to the duration of the disease and it is estimated
that approximately 50% of diabetics will develop a degree of neuropathy in
their lifetime(429-431). The neuropathy seen in vascular patients can also be
related to renal failure and ischaemia.

Substantial post operative oedema affects a high proportion of vascular
patients, undergoing peripheral bypass surgery(432). Jacobs et al reported
that 54.4% of patients post infrainguinal bypass surgery developed
oedema(433). This will reduce the effectiveness of the device in patients who
have recently undergone lower limb revascularisation. Peripheral oedema is
also a known sequelae of chronic venous insufficiency(434). An adequate
charge must be delivered to elicit nerve stimulation. Studies carried out by
the anaesthetic community to establish the stimulation level required to
obtain supra-maximal stimulation to determine the level of neuromuscular
blockade in anaesthetised patients determined that, whilst a current of 50-
50mA is sufficient to achieve this in the absence of oedema(435, 436), in
grade 1 oedema at least 60mA was required and in grade 2 oedema 82.5mA
was required. Harper et al(436) hypothesised that when oedema is present
the current density available to stimulate the nerve is reduced. The presence
of oedema is likely to reduce responsiveness to the stimulation delivered
because it increases the distance from the skin to the nerve and the energy
dissipates faster in fluids and gases than solid material.

It is important to note that a significant proportion of the patients trialled were
inpatients awaiting treatment or post procedure. As such these individuals
had advanced disease and therefore there was a greater incidence of
oedema and higher neuropathy scores within this cohort.

The results of this study resulted in the development and production of the
geko™ mark 2 device with a pulse current twice that of the model utilised
within this study. Whilst no studies to date have examined the efficacy of this
device to produce muscle twitch such studies may demonstrate a larger

group of participants in whom peroneal nerve stimulation may improve flow.
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9.1.2 Tolerability and acceptance

The device has shown to be acceptable to patients, with all patients reporting
that it is comfortable to wear, resulting in minimal distress. 24.6% of patients
reported an immediate improvement in their symptoms.

Patient compliance is of paramount importance when investigating any new
treatment such as selecting the most appropriate mechanical DVT
prophylaxis(267). Kaplan et al(274) have stated that “The ideal device for out
of hospital use should have the following characteristics: it should be safe,
effective, portable, easy to use, inexpensive, and able to be worn while the
patient is recumbent, sitting, standing or walking”. In those patients in whom
transcutaneous peroneal nerve stimulation produces visible muscle twitch the
geko™ device appears to fulfil these criteria, however as aforementioned the

device was ineffective in a significant proportion of patients trialled.

In 75% of cases the device was reported to be easy or very easy to apply
and the device rarely became detached. As such it should be possible to
teach patients to self-apply the device. Considering the aging population
interventions, such as these, which can be safely and easily applied by
patients in the home environment should be considered. Studies are required
to establish the feasibility of teaching patients, including the elderly and

disabled, to self- apply the geko™.

9.2 Cardiovascular effects

9.2.1 Heart rate and blood pressure

In any study involving new technologies or treatments safety aspects must be
considered. Vascular patients have an increased incidence of cardiovascular
morbidity and as such heart rate and blood pressure were recorded at
intervals throughout the study period. As can be seen from the results there
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were no adverse cardiovascular effects associated with peroneal nerve
stimulation with non-significant changes in heart rate and blood pressure
when compared to the control group. Ishide et al(437) studied the effect of
peroneal nerve stimulation in anaesthetised rats demonstrating a reduction in
arterial pressure and heart rate. Indeed animal studies have shown that
peripheral nerve stimulation may be beneficial for reducing the incidence of
cardiac arrhythmias(438). Electrical muscle stimulation in patients during
arthroplasty under general anaesthesia has also been shown to result in
reduced heart rates(439) whilst evaluation of patients undergoing stimulation
during bed rest demonstrated an increase in heart rate when compared to
the control group(273).

The failure to demonstrate such a reduction within the patients in these
studies may be due to either small patient numbers or patients’ response to
the unusual sensations associated with the nerve stimulation. Repeated
applications of the device may result in reductions in heart rate and blood

pressure.

9.2.2 Augmentation index and peripheral vascular resistance

The increase seen in microcirculatory flow in the active stimulation limbs, as
evidenced by the laser Doppler flowmetry results, suggests up regulation of
the skin microcirculation. This increase in the cross-sectional area of the
vascular bed may suggest a decrease in peripheral vascular resistance. The
Vicorder results in this study did not reflect this and may be as a result of
insufficient numbers of patients and also the inherent inaccuracies with non-
invasive measurements of systemic vascular resistance. A previous study to
examine the effect of electrical muscle stimulation also failed to demonstrate
any change in total peripheral resistance(439).
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9.2.3 Cardiac Output

There was no significant change in cardiac output with use of the device.
Whilst the gold standard method for assessing cardiac output would have
been to utilise echocardiography this was not possible within the remit of this
study and may explain the failure to detect a change. These results do not
reflect the existing literature as it has previously been demonstrated that
neuromuscular electrical stimulation increased cardiac output by up to
24%(439) . This was hypothesised to be due to increased venous return as
the calf muscle pump empties the venous sinuses and as a result of reduced
total peripheral resistance. Indeed it is known that exercise increases cardiac
output by decreasing TPR with a resultant increase in flow to the tissues and

hence increased venous return to the heart (440).

Cardiac output = (Mean arterial pressure — Mean venous pressure)

Total peripheral resistance (TPR)

Cardiac output is also known to be a function of heart rate and stroke
volume. Previous work hypothesised that an increase in cardiac output may
relate to an increase in heart rate secondary to a stress response to a
previously unexperienced sensation, namely the electrical stimulation.
However Faghri et al reported an increase in cardiac output with electrical
muscle stimulation whilst heart rate decreased, and therefore was as a result
of increased stroke volume(439). Within this study, there was no statistically
significant change in heart rate at 30 minutes or following device removal.
Future studies should include a greater sample size in order to detect smaller
changes.
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9.3 Haemodynamic efficacy

9.3.1 Venous volume flow

Peak venous flow velocity is often reported by device manufacturers as a
surrogate marker i.e. an indication of device efficacy despite a lack of
evidence that higher velocities reduce thrombosis risk, indeed a study by
Proctor et al suggested the opposite(441). This study has demonstrated that
peroneal nerve stimulation with the geko™ device significantly increased
venous flow velocity and volume flow in all three patient groups, namely
claudicants, patients with varicose veins and patients post infra-inguinal
bypass grafts. This augmentation of flow is confined to the actively stimulated
limbs with no significant differences found in comparison of passive
(contralateral limb to stimulated limb) and control limbs (device applied but
not active). These findings are in keeping with previously published literature.
Kaplan et al(274) reported significant increases in femoral and popliteal vein
blood flow associated with electrical stimulation of the foot muscles. Izumi et
al(277) investigated the relative efficacy of peroneal nerve stimulation to
increase flow within the popliteal vein when compared to IPC, electrical
muscle stimulation, active ankle dorsiflexion and manual calf compression.
They demonstrated that peroneal nerve stimulation produced greater
increases in peak venous velocity than all other methods utilised. The geko™
peroneal nerve stimulator has been shown to be superior to intermittent

compression devices at increasing venous flow(442) in healthy volunteers

Tucker et al(381) studied the impact of the geko™ device on venous flow in
healthy volunteers and demonstrated a significant increase in venous volume
flow and peak velocity. The increases observed in the patient cohorts in this
study were less marked than demonstrated in healthy volunteers. This may
reflect the differences in vessel compliance and cardiovascular physiology in
these disease states.
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The increase in venous velocity and volume flow demonstrated in this study
would suggest that use of the device would therefore be a useful treatment
adjunct within this cohort of patients. It is known that vascular patients, by the
very nature of their disease are at increased risk of deep venous thrombosis,
particularly if there are prolonged periods of immobility or after surgical
procedures. Claudicants experience pain or discomfort in a group of muscles,
most typically in the legs, which is brought on by exercise and alleviated with
rest. Despite the initial management advice for such patients to increase
their exercise levels, many are reluctant to do so due to concerns that they
are doing themselves harm. The resultant relative immobility can increase
the risk of thrombosis within this cohort. Reducing venous stasis, a known
component of Virchow’s triad, by increasing blood flow velocity, thus may
reduce thrombosis risk. Indeed improving venous volume flow and velocity
are known to facilitate clearance of the soleal sinuses and vein valve cusps,
which are the principle sites for deep venous thrombosis formation(443, 444).
Studies examining compression hosiery, intermittent pneumatic calf
compression and calf muscle stimulation have demonstrated that all increase
venous flow velocity and reduce the incidence of post-operative venous
thrombosis.

Limitations exist for many of the physical devices currently utilised for DVT
prophylaxis. Compression hosiery is contraindicated in patients with
peripheral arterial occlusive disease due to the risk of reducing arterial flow. It
is also known that difficulties exist in ensuring appropriate fit, thus avoiding
complications, and compliance is poor. Intermittent pneumatic compression
is expensive, cumbersome and requires the patient to be immobile whilst
receiving the treatment and as such is not universally applicable in the
outpatient setting. Calf muscle stimulation, whilst advantageous in the
anaesthetised patient has been demonstrated to be uncomfortable in the
conscious. Peroneal nerve stimulation would thus appear to be a useful and
tolerable option in the prevention of deep venous thrombosis in patients
unable or unwilling to wear compression hosiery. Studies to establish the
relative cost effectiveness of the device compared to other more established
regimes are indicated.
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The improvements in venous flow demonstrated with the device are
comparable to those seen with intermittent pneumatic compression (IPC),
leading to the implication that the device could serve as an alternative to IPC.
It has been suggested in several trials that IPC is a useful treatment adjunct
in the management of chronic venous insufficiency, reducing the signs and
symptoms(445, 446) and increases healing rates of chronic venous
ulcers(447, 448). This may also be a future avenue of research for peroneal

nerve stimulation.

The results from this study were utilised by Firstkind in the recent case for
adoption of the technology as a method for prophylaxis for venous
thromboembolism. This study represented the only study which had taken
place in patients and was considered important for the determination by the
National Institute of Health and Care Excellence that use of the geko™
device is indicated in those at high risk of VTE in whom other methods,

pharmacological or mechanical, are contraindicated(449).

9.3.2 Arterial flow

Arterial volume flow significantly increased in the active limbs in all three
patient groups These findings correlate with the existing literature on the
effect of peroneal nerve stimulation on arterial flow in healthy volunteers(381,
442). Whilst the use of transcutaneous electrical nerve stimulation is not an
accepted component in the treatment of peripheral arterial disease the
results of these studies suggest there may be a viable place for the device to
be utilised as an adjunct in the management of patients with arterial disease,
especially the immobile who are unable to exercise.

9.3.2.1 Claudicants
Exercise and walking have been shown to improve symptoms in claudicants.
Despite this recommendation, patients are often non-compliant (450). The

reasons for this include poor motivation(451), co-morbidities which preclude

253



exercise and weather or geographical obstacles. As a result therapies which
can improve lower limb blood flow, improve patient capacity and slow
disease progression are being sought and investigated. Recently several
studies have investigated a possible role for intermittent calf pneumatic
compression, however the devices are cumbersome and limit patient
mobility(452, 453). Electrical muscle stimulation has been shown by Tsang et
al to increase muscle blood flow and reduce muscle fatigue(454) however the
failure of this technique to be adopted may be due to the discomfort
experienced at higher stimulation levels with muscle stimulation. Peroneal
nerve stimulation was found to be tolerable by patients with claudication and
no reproduction of claudication symptoms was experienced which may

encourage its use within this cohort of patients.

9.3.2.2 Infra-inguinal bypass grafts

Primary patency of infra-inguinal bypass grafts for claudication is
approximately 85% whilst for critical limb ischaemia is approximately 15-25%.
Early graft failure i.e. within 1 year of surgery, results most frequently from
technical errors, thrombosis and intimal hyperplasia(455). Graft failures result
in expensive salvage procedures and resource utilisation, and a not
infrequent loss of limb with the incumbent disability and quality of life
deterioration(456). It is known that flow is an important component of
Virchow’s triad for thrombus formation. Improving flow within bypass grafts as
seen with peroneal nerve stimulation may reduce the incidence of graft

thrombosis.

Venous bypass grafts undergo remodelling, early luminal enlargement,
typically within the first month following surgery, followed by graft thickening
and stiffening(457). These changes occur as a result of exposure to
increased shear stress, wall tension and pulsatile flow. It has been shown
that shear stress, which is a function of flow and the radius of the vessel, is
the most important predictor of the luminal dilatation in the early post
operative period(456). Improving flow within the bypass graft may lead to
improved luminal dilatation and thus reduced failure rates. It is also possible
that improvements in flow would reduce the incidence of graft thrombosis. It
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is known that graft failure has significant implications, not only financial but

also in terms of patient functionality and quality of life.

Use of peroneal nerve stimulation, may therefore be a useful treatment
adjunct to improve patency of infra-inguinal bypass grafts. A prospective
randomised controlled trial comparing standard care and the use of peroneal
nerve stimulation in the immediate post-operative period to determine the
impact on outcomes following infra-inguinal bypass procedures would be
valuable. The improvements in flow may reduce the incidence of early graft
failure, namely failure secondary to the formation of thrombus and the
frequency of re-interventions. Such a trial would also enable determination of

the cost effectiveness of the therapy.

9.3.3 Microcirculatory/ Laser doppler flow

Peroneal nerve stimulation improved microcirculatory flow, in all three patient
groups, within 15 minutes of application and the flow augmentation persisted
throughout the study period demonstrating that there is no ‘tolerance effect’.
This implies that peroneal nerve stimulation is beneficial for microcirculatory
flow augmentation as long as there is active stimulation. The improvements
seen within these patient cohorts have demonstrated that diseased vessel
states do not negatively impact on the efficacy of peroneal nerve stimulation,

which may be the case with other interventions.

The findings of these studies reflect the existing literature. A case study by
Ogrin et al has previously demonstrated accelerated healing of venous ulcers
with stimulation of the peroneal nerve(458). The positioning of the geko™
device would enable continuation of compression therapy in such patients

with concomitant electrical stimulation.

Electrical stimulation reduces inflammation and accelerated healing through
the promotion of phagocytosis combined with the stimulation of cells such as

fibroblasts and epithelial cells(170, 459, 460). Its use in wound care has been

255



increasing and its role as a treatment adjunct is gaining acceptance following
the publication of several recent studies(461, 462) and the 2009 guidelines
on pressure injury from the European Pressure Ulcer Advisory Panel and
National Pressure Ulcer Advisory Panel(463). Standard techniques involve
the use of electrodes, wires and a power source and patient mobility is
adversely affected whilst the treatment is undertaken. The geko™ device is
novel in that it is self contained promoting mobility and the potential for
patients to self-apply may result in reduced nursing costs. These studies
support further investigation of the potential role for peroneal nerve
stimulation in the treatment of lower limb arterial, venous and in particular
mixed ulceration, where patients would typically require revascularisation

prior to commencement of compression therapy.

9.3.4 Proposed mechanisms of haemodynamic augmentation

Whilst the underlying mechanism for the improvement in venous flow is clear,
namely activation of the muscle pumps of the foot and calf reducing venous
stasis, the mechanism responsible for the improvements seen in arterial and

microcirculatory flow are less comprehensible.

9.3.4.1 Starlings law

The geko™ device improves venous return which as such results in
increased preload. This increase in load on the cardiac muscle fibres
augments the strength of ventricular contraction and hence the stroke
volume. This is likely in turn to increase the arterial volume flow. The Vicorder
measurements from this study did not reflect this however this is likely to be
due to non-optimal measuring techniques as aforementioned and a small
sample size resulting in inadequate power and hence may be a false

negative.
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9.3.4.1 Sympathectomy

It is possible that the nerve stimulation acts in a manner similar to a
temporary sympathectomy. Sympathetic blockade is known in healthy
individuals to result in venous dilatation or increased blood flow, indicated by
a reduction in capillary refill time, with abolition of the normal vasoconstrictor
reflexes. Increased skin temperature, increased oxygen tension in the
capillaries of the skin and increased venous oxygen tension have all been
observed(464). This hypothesis is supported by the work of Kaada et al who
demonstrated that the vasodilatory effects of transcutaneous nerve
stimulation were blocked by cyproheptadine, implicating sympathetic
blockade via a serotoninergic mechanism as the principle cause of the
effect(465).

The improved skin perfusion has led to the belief that there will be improved
ulcer healing with the use of chemical/ lumbar sympathectomy. These
findings combined with the potential pain control effects has resulted in its
use in the treatment of rest pain and/ or ulceration in patients with non-

reconstructable peripheral arterial disease.

Histological studies have shown that sympathectomy results in relaxation of
the smooth muscle of vessels at arteriovenous anastomoses in dogs(466,
467). Human studies have failed to conclusively demonstrate the same
results(468, 469). The effect of diabetic neuropathy on the limb has however

been demonstrated to increase skin blood flow.

The first study to investigate the effect of sympathectomy on macroscopic
blood flow in humans was carried out by Barcroft and Swann(470) who
investigated the effects on arm blood in patients who had the procedure for
hyperhidrosis. They demonstrated an initial eightfold increase in blood flow
however noted that this returned to normal within 8 days of the procedure.
Blood flow in the feet did not increase until 2 days after lumbar
sympathectomy and was significantly less marked returning to pre-procedural
levels at a slower rate. The distribution of the effects seen in the limbs led to
the conclusion that the effects were predominantly related to improved skin
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blood flow and not muscle flow. Further studies to investigate the impact on
muscle flow were disappointing with poor correlation between
sympathectomy and muscle flow(471) and at best a temporary reduction in
the peripheral vascular resistance of muscle(472). Cross et al were unable to

demonstrate any changes in foot blood flow following sympathectomy(473).

Several studies have also investigated the role of concomitant
sympathectomy at the time of arterial reconstruction. Whilst Terry et al(474)
and Collins(475) demonstrated an immediate post procedural increase in
flow of 30% two randomised controlled trials demonstrated no benefit in
terms of graft patency rates(476, 477) despite reduction of peripheral
vascular resistance(476). The effects of sympathectomy on rest pain
secondary to critical limb ischaemia are more conclusive. In a RCT Cross et
al reported symptom relief in 83.5% of patients at 1 month compared with
23.5% of controls (P<0.002) with 66.7% remaining pain free at 6
months(473). These findings are supported by several cohort studies(464,
478-481). Similarly Van Driel et al reported limb salvage, resolution of rest
pain or ulcer healing in 48% of patients at 6 months. Amputation rates
following sympathectomy range, in the literature, from early; 18.3(480) -
40%(478) and 24% (464) to 42.2% at 2 years(475).

To further elucidate the mechanism of action of transcutaneous peroneal
nerve stimulation to improve arterial and microcirculatory flow, a study to
investigate the effect of the device in patients following chemical/ surgical

sympathectomy would be beneficial.

9.3.4.2 Nitric oxide

Nitric oxide has been shown to play an important role in the regulation of
vascular tone and blood pressure, both at rest and following pharmacological
or physiological stimulation(482, 483).

Vascular smooth muscle is partially innervated by neurons which
demonstrate nitric oxide synthase immunoreactivity, termed nonadrenergic,
noncholinergic (NANC') nerves(484).
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The local nature of the response seen with peripheral nerve stimulation
suggests that it may be as a result of a locally released vasodilatory
mediator(485). It has therefore been proposed that electrical stimulation
results in the release of nitric oxide and vasodilatation via cyclic GMP(486-
488).

Electroacupuncture has been shown to modulate sympathetic nerve activity
and levels of nitric oxide, reducing blood pressure in animal studies(489).
Studies in humans have also demonstrated that electroacupuncture
increases the nitric oxide concentration in plasma with improved local
circulation(490, 491).

ELISA analysis of plasma sampled prior to and following a period of
stimulation could be performed to determine the effect of peroneal nerve
stimulation on levels of nitric oxide. Ferroni et al demonstrated that levels of
nitric oxide rose significantly the day following electrical nerve stimulation and
hypothesised that this was due to VEGF stimulation of the endothelium to
release NO(492).

9.4 Vascular endothelial growth factor

This study did not demonstrate any increase in VEGF following peroneal
nerve stimulation in any of the patient groups. Ferroni et al have previously
demonstrated increased levels of VEGF however determined that the
maximum VEGF concentration occurred during the first 10 minutes of
treatment, following which the levels declined to baseline(492). It is possible

that the timing of samples within this study failed to catch this increase.
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9.5 Fibrinolysis

9.5.1 Effect of disease states on fibrinolytic markers

In this study higher baseline levels of tissue plasminogen activator were
present in patients with hypertension and cardiovascular disease including
atrial fibrillation. This finding corresponds to the existing literature. t-PA levels
have been demonstrated to be higher in patients with non-valvular atrial
fibrillation than age-matched controls(493). The activity levels were found to
decrease following treatment with warfarin or heparin. Higher t-PA and PAI-1
levels have also been shown to be associated with development of acute
myocardial infarction and remain higher following the events than age-
matched controls(494). Further studies have also demonstrated that elevated
t-PA and PAI-1 correlated with serum levels of triglycerides and body mass
index and that the t-PA/ PAI-1 complex is a risk factor for recurrent
myocardial infarctions(495). Raised levels of t-PA has been shown to be an
independently established risk factor for cardiovascular events(496).
Elevated levels of t-PA antigen have also been reported in the literature to be
independently associated with increased risk of ischaemic stroke in non-
diabetic females(497) and to be associated with increased risk of developing
diabetes mellitus(498).

This study failed to demonstrate an association between higher PAI-1 levels
in patients with cardiovascular disease or its risk factors for vascular disease
which contradicts the findings of some of the existing literature(494, 495,
499). However a systematic review by Gorog et al determined that fibrinolytic
markers have a very limited role in predicting vascular disease or risk
stratification due to the poor quality and low power of the existing
studies(500).

Baseline plasma plasminogen activator inhibitor levels were determined in
this study to be significantly higher in patients with respiratory disease. This
finding reflects that reported in the existing literature, as fibrosis of the lungs
results from the accumulation of extracellular matrix in both the interstitial

tissues and the basement membranes as a result of imbalance in its
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synthesis and degradation(501). Degradation of extracellular matrix is a
function of the plasminogen activator system(502).

9.5.2 Effect of concomitant medications on fibrinolytic markers

This study has demonstrated that warfarin therapy is associated with
statistically significantly lower levels of PAI-1 whilst clopidogrel and warfarin
were associated with higher levels of t-PA. The impact of warfarin treatment
on plasma levels of t-PA and PAI-1 have been investigated in several distinct
patient populations with contradictory results. A study investigating the
effects of warfarin and aspirin on thrombogenesis in patients with chronic
atrial fibrillation demonstrated that following 8 weeks of treatment with
warfarin alone PAI-1 levels were not altered, however combination therapy of
aspirin and warfarin resulted in an increase in PAI-1(503). However treatment
of patients post coronary artery bypass graft with 1mg of warfarin has not
been shown to affect t-PA or PAI-1 levels(504). Similarly a study of chronic
ambulatory peritoneal dialysis patients has shown that PAl-levels are not
affected by warfarin therapy within this patient cohort (505).

Clopidogrel has been shown in studies to have a non-platelet related effect
on levels of plasminogen activator inhibitor levels, resulting in lower
levels(506, 507). This does not reflect the findings of this study as whilst
lower, the difference in PAI-1 level did not reach statistical significance. This
may be due to insufficient patient numbers as only 13 patients within the
cohort were treated with clopidogrel.

In this study aspirin usage did not impact upon baseline levels of t-PA.
Previous studies have shown that aspirin inhibits the normal physiological
increase in t-PA activity following venous occlusion(508). However Levin et
al demonstrated that aspirin affects t-PA activity by inhibiting the release of t-
PA antigen(509)
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9.5.3 Effect of nerve stimulation on fibrinolytic markers

This study has demonstrated that electrical stimulation of the peroneal nerve
has no effect on tissue plasminogen activator levels when compared to the
control participants. It is known that t-PA and u-PA are present in sensory
neurons. Electrical cardiac stimulation has been shown to result in increased
t-PA release into the circulation and activity with increases in heart rate,
blood pressure and coronary blood flow(510, 511). No studies have
investigated the effect of peripheral nerve electrical stimulation on plasma t-
PA however Jawad et al reported a decrease in Tissue plasminogen activator

antigen following electrical stimulation of the peroneal nerve(512).

This study has demonstrated a statistically significant reduction in plasma
PAI-1 in vascular patients following a period of peroneal nerve stimulation.
However the results are local and not systemic as seen by comparing the
results of the active and passive samples. It is known that exercise reduces
the levels of PAI-1 in those with metabolic syndrome but not those in normal
men and women and is thought to be related to lipid profiles(513).

These findings reflect the existing literature. A study in 1979 demonstrated
that electrical nerve stimulation resulted in release of tissue thromboplastin
and stimulators of fibrinolysis(514). Another animal study examined vagal
nerve electrical stimulation demonstrating an increase in plasminogen
activator inhibitor 1(515). In these studies however it is believed that the
increase in fibrinolytic factors is in response to increased blood coagulability
and is a protective mechanism. More recently Katz et al examined the effect
of electrical stimulation on patients with spinal cord injuries and determined
that fibrinolytic activity was increased(516).

Increasing fibrinolytic activity by reducing levels of plasminogen activator
inhibitor 1 could have many beneficial long term effects through the
prevention of thrombosis. Increased PAI-1 levels have been shown to be
implicated in the aging associated thrombosis and cardiovascular aging(517).
As such the ability to reduce circulating levels may slow disease progression
in the elderly. Reducing plasma levels of PAI-1 have also been shown in
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experiments to slow progression of chronic kidney disease and may even
result in a degree of disease resolution which has led to attempts to develop
drugs and therapies which could target its activity(518). It has also been
shown that high levels of PAI-1 may be responsible for the development of
microvascular complications associated with Type |l diabetes mellitus(519).
Furthermore, studies have shown that a decreased fibrinolytic activity is a
predictor of myocardial infarction(520, 521). It can therefore be seen that
peroneal nerve stimulation would be a useful treatment adjunct or
prophylaxis within the vascular disease population, many of whom have
multiple risk factors for thrombotic disease.
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Chapter Ten: Future avenues of research

10.1 Optimisation of patient use

The failure of the geko™ device to produce visible muscle twitch in such a
high proportion of vascular patients warrants attention. It is possible that by
increasing the range of stimulation settings to beyond the abilities of the
current geko™ device that a higher proportion of this cohort could benefit
from this device. Following on from this study a geko plus™ has been
developed which will deliver greater amplitude of current. Trials examining
the efficacy of this device to produce muscle twitch are required.

Further work should also be carried out to establish whether increased
stimulation intensities result in even greater improvements in haemodynamic
flow. Prior work by Jawad(522) suggests that higher stimulation settings
result in greater increases in flow within healthy volunteers, when 2 settings,
high and low were utilised. Within this study patient tolerance was deemed of
the utmost importance as such the stimulation level was increased only to the
point of visible muscle twitch however many of the patients reported that
whilst initially, upon device activation, there was some mild discomfort this
rapidly eased and they developed a greater tolerance. It is possible that a
gradual increase in the stimulation level over a period of time may facilitate
higher stimulation levels whilst preserving patient comfort levels and this may
further improve outcome measures. Griffin et al have previously
demonstrated that higher rates of stimulation reduce peak systolic velocity
but increase volume flow (523).This would allow determination of the optimal

stimulation setting to maximally augment flow.

The optimal duration of stimulation also warrants study. Within this study, as
participants were asked to remain reclined for the total study period, on a
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couch, without moving, a longer study period was not deemed appropriate.
However further measurements of arterial and venous flow would have been
beneficial following deactivation of the device to establish whether any effects
remained and for what time period. Previous studies examining use of spinal
cord stimulation, TENS and peroneal nerve stimulation as therapeutic
interventions have varied greatly in the duration of therapy applied to the
subjects ranging from three stimulation periods lasting 20minutes per 24
hours(320) and continual stimulation(323). In healthy volunteers it has
however been demonstrated that the effects of peroneal nerve stimulation on
flow are sustained over a four hour period whilst the device remains active

suggesting that there is no tolerance effect with the device(522).

10.2 Mechanism of action

Studies should be carried out to determine the actual mechanism of action of
the device to augment flow. Cardiac output can be measured in a number of
ways however the current gold standard is thermodilution which involves the
insertion of a pulmonary artery catheter. Other techniques have been utilised
however most involve the use of specialist equipment, highly trained
operators and yet still there are issues with reproducibility. Indeed many also
still rely upon the use of central venous catheters and/or arterial lines(524).
The non-invasive use of photoplethysmogram sensors to estimate cardiac
output and systemic vascular resistance has been studied previously
however it has been determined to be imprecise and only of use to report
change as opposed to absolute values(524). Thoracic bioreactance is
gaining credence with the development of devices such as NICOM. The
results from this show good correlation with those from thermodilution with
high precision and responsiveness. Such a device may prove useful in future
studies(525).
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10.3 Long term clinical outcomes

Once the optimal duration and frequency of stimulation have been
established further studies to determine the long term effects of device
application should be undertaken.

10.2.1 Claudication

Current conservative management for individuals with claudication comprise
best medical therapy, lifestyle modification and exercise. A randomised
controlled trial to examine the impact of peroneal nerve stimulation in addition
to current best management on claudication distance and quality of life
scores should be undertaken.

10.2.2 Venous ulceration

The results of this study in relation to increased venous and microcirculatory
flow raises the possibility that the healing of venous and mixed picture ulcers
may be accelerated with use of the device. A randomised trial to examine the
addition of peroneal nerve stimulation to current treatment regimes would be

beneficial and protocols for such a study are being developed.

10.2.3 Bypass grafts

The augmentation of flow through venous bypass grafts may prove beneficial
in long term graft patency. Studies to examine the effects of long term nerve
stimulation following surgery should be carried out. Duplex ultrasound
assessment is routinely carried out for surveillance of such grafts and as
such patients would likely not require additional follow up appointments
reducing the burden of the trial on participants.
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10.2.4 Critical limb ischaemia

It was the initial intention that this study would examine the effect of the
geko™ on patients with critical limb ischaemia. Research study one
highlighted the problem of poor device efficacy to produce a visible muscle
twitch within this cohort of patients due to a combination of peripheral
oedema and neuropathy. However it is within this cohort that flow
optimisation would potentially yield the greatest results in terms of pain relief
and limb salvage. Should studies examining the ‘mark 2’ device demonstrate
greater efficacy it is within this cohort of vascular patients that studies

examining the long term effects of use should be concentrated.

10.4 Angiogenesis

Further studies to investigate the effect of peroneal nerve stimulation on
angiogenesis and VEGF should incorporate serial measurements of VEGF
which would best be carried out through the insertion of lines at the start of
the study period. This would enable repeated samplings without subjecting
the patient to repeated needlings and would reduce vessel trauma.

A previous study examining the effect of a short period of exercise on
angiogenesis also failed to demonstrate a change in the plasma levels of
VEGF despite serial measurements however did demonstrate an increased
expression of VEGF mRNA in calf muscle biopsies secondary to HIF1 alpha
upregulation stimulating VEGF mRNA transcription(526). Core muscle
biopsies would therefore provide additional information on the impact of
nerve stimulation on angiogenesis and in studies of long term use would also
enable histological examination of specimens to assess the impact of regular
peroneal nerve stimulation on muscle capillary density(527). Research
examining the impact of exercise on capillary muscle density in claudicants is
currently underway at the University of Hull.
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10.5 Fibrinolysis

Whilst traditionally assessments of fibrinolysis has involved the measurement
of PAI-1 or Thrombin-activatable Fibrinolysis Inhibitor (TAFI) more recently
viscoelastic hemostatic assays such as thromboelastography and
thromboelastometry have been used.

Thromboelastography provides information about the viscoelastic properties
of a blood clot during its formation and lysis. Data pertaining to coagulation
factors i.e. the time taken to initiate the formation of a clot, fibrinogen and
fibrin cross-linking, platelet function and fibrinolysis is obtained(528). The use
of thromboelastography was reported by Jawad in the preliminary studies of
peroneal nerve stimulation in healthy volunteers and contrary to expectations
demonstrated a reduction in clotting time suggesting a reduction in clotting
time whilst conversely they demonstrated a reduction in tPA antigen
suggesting increased fibrinolysis. It is therefore clear that further research on
this area would be beneficial. Another potential method of investigating
fibrinolysis would be to utilise the thrombolytic assessment system (TAS).
Point of care analysis of coagulation has become commonplace in recent
years to assess patient’s international normalised ratio whilst on treatment
with warfarin(529). The TAS analyser has also been adapted to assess
fibrinolysis and as such response to treatment or to screen for fibrinolytic
defects. The measurement of lysis onset time may provide valuable
information on effects of treatments on fibrinolysis(530, 531).
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Chapter Eleven: Conclusion

Whilst studies have previously been undertaken in healthy volunteers and
have demonstrated augmentation of blood flow this was the first ever
research programme utilising the geko™ peroneal nerve stimulation device in
vascular patients. It has demonstrated that nerve stimulation increases

arterial, venous and microcirculatory flow within this cohort.

The tolerability questionnaire results imply that device tolerance will be high.
This combined with the small, portable and easily applied nature of the
device raised the possibility that the device could be used in a number of
settings, not just secondary care.

The findings reported within this thesis regarding device efficacy, i.e. the
ability of the device to produce visible muscle twitch within the vascular
population have already led to the redesign of the device to deliver a greater
current to the nerve and reduce the number of non-responders. Efficacy
studies for the ‘mark 2’ device are underway.

The data from these studies was also presented in the application for NICE
medical technology approval and resulted in the recommendation that the
device in indicated in the prevention of venous thromboembolism in those in

whom alternation mechanical or medicinal prophylaxis is contraindicated.

The next priority must be to optimise the device use in terms of stimulation
delivered and its duration prior to investigating the longer term clinical
outcomes within these groups of patients.
e The increase in venous volume flow could lead to a role in the
management of deep and superficial venous insufficiency in those

who do not tolerate compression and for whom surgery is not an
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option. The increase in arterial volume flow suggests a possible role
for peroneal nerve stimulation as a treatment adjunct in patients with
peripheral arterial occlusive disease both before and after surgical or
endovascular intervention, to prevent disease progression and/ or
prevent graft failure.

e The increase in microcirculatory flow seen with peroneal nerve
stimulation indicates that it may play a beneficial role in the healing of
chronic wounds and ulcers.

e The enhanced fibrinolytic activity, by decreasing levels of plasminogen
activator inhibitor-1, is encouraging and may prove beneficial in
prophylaxis against development and propagation of both arterial and

venous thromboses.

Whilst the aims of the studies were met and answered the studies were not
without their limitations. The sample sizes were small and the intervention
period was only one hour, therefore further studies to fully investigate the
optimal frequency and duration of intervention and the effects of long term
usage on patient outcomes are required. This would also enable cost efficacy
analysis to be calculated.
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Appendix Four: Patient information sheets *On headed paper

To be completed by the patient

Wearing the device

How long did you wear the geko™ device for?

Please enter the approx. number of minutes: minutes.

How comfortable was the device to wear once applied?

(please mark the appropriate box |Z|)

1= very comfortable, 2= comfortable, 3= uncomfortable,
4=very uncomfortable, 5 = extremely uncomfortable)

1. 2. 3. 4. 5.

If @ @ @ has been indicated please provide a comment

below:
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Please mark on the diagram below how comfortable the device

was to wear when it was working:

Unbearable No
Distress Distress
Contact

How well did the geko™ device stick to your leg?

1 = very well, 2 = well, 3 = with difficulty, 4 = extreme difficulty, 5 = unable to fit

1. 2. 3. 4. 5.

If @ @ @ has been indicated please provide a comment

below:
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Did the device become detached at any time during wear?

Yes No

If yes, please indicate where on the device this occurred.

Head Tail Whole device

If partial detachment occurred during wear, did this cause you to
remove the device completely?

Yes No

Were you able to re-apply the device easily?

Yes No

If no, please comment below:
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Effect of wearing the device

How does your leg feel after wearing the geko™ device?”

No difference

Minimal improvement in comfort

No heavy leg /swelling feeling

A positive improvement
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Appendix Five: Patient information sheets *On headed paper

Prospective observational series to establish

the haemodynamic efficacy and tolerability of

the geko™ device in patients with lower limb
vascular disease.

Claudicant Patient

Patient information sheet

Part1

Invitation

You are being invited to take part in a research study. Before you
decide it is important for you to understand why the research is
being done and what it will involve. Please take time to read the
following information carefully. Talk to others about the study if
you wish.

e Part 1 tells you the purpose of this study and what will
happen to you if you take part.

e Part 2 gives you more detailed information about the
conduct of the study.

What is the purpose of the study?

Your consultant believes you may be a suitable/ willing participant
for a research study being carried out at Hull Royal Infirmary. The
study is being carried out by a Research Registrar attached to the
Department of Vascular Surgery, undertaking a research degree
at Hull University.

You are being asked to take part in this study because you have
been referred to the Vascular Department with impaired or
reduced blood flow to one (or more) of your legs.
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The reduced blood flow means that not enough blood and oxygen
is reaching the tissues, and this often results in pain on walking,
known as claudication.

The treatment of claudication and ischaemia aims to relieve your
symptoms, improve your quality of life, heal areas of ulceration
and ultimately prevent amputation. Unfortunately in some patients
there is not a surgical treatment or surgery has failed to improve
the symptoms.

In these situations treatment is difficult and as such new
treatments are being investigated.

You have been invited to take part in a clinical trial to see if using
a device called the geko™ can TEMPORARILY improve the
circulation in your leg and establish how comfortable the device is
to wear.

To help you decide if you would like to take part, please read this
information sheet. It gives you details of what will be involved if
you decide to take part and also who to contact if you would like to
discuss the study or ask any questions.

Do | have to take part?

No. It is up to you to decide whether or not to take part. If you do
decide to participate you will be given this information sheet to
keep and be asked to sign a Consent form. You are still free to
withdraw at any time and without giving a reason. Your non-
participation or dropping out of the study will not affect your
planned treatment and care in any way.

Before you can begin the study

You may read the full study protocol as well as this Patient
Information Sheet, which gives you many details about the study.
The recruiting Investigator will tell you about any potential adverse
events that could occur in this study. You will be told exactly what
the study entails and what will be required of you. You are
encouraged to ask questions of the Investigators conducting the
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recruitment interview until you are satisfied that you fully
understand the nature of the study and the requirements.

What happens in the study?

If you think you might be interested in taking part in the study, you
will have a short interview with one of the Researchers so we can
collect some details from you and make sure you are eligible to
join in the trial.

Once you are enrolled in the trial we will ask you to complete short
questionnaires and we will perform a physical examination, which
will include a non-invasive assessment of the nerve function in
your legs.

The study and tests will take place in a clinical room at Hull Royal
Infirmary. You will be asked to avoid fatty foods, tobacco and
caffeine on your assessment day. It is advised that you wear light
comfortable garments and your legs will need to be exposed.

At the start of the study you will be given 30 minutes to get used
to your environment and relax. You will be given questionnaires to
complete which will ask you about the pain you have been
experiencing.

The geko™ device will then be applied to your leg, behind your
knee, to stimulate a nerve for 60 minutes. Some patients will have
the device applied but not turned on. You may experience the
muscles in your leg and/or foot gently contracting/ twitching.

Two different types of scan will be performed to look at the blood
flow in your leg before the device is turned on and at intervals
following the application. One is an ultrasound scan which simply
involves applying a probe to the skin and measuring blood flow.
The other is called a laser Doppler scan and looks at skin blood
flow using a small probe which is attached to your foot during the
study. Both scans are safe and painless.

We will also do the same measurements on the other leg for
comparison.
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15-20mls of blood (one tablespoon) will be taken from a vein in
the groin of each leg (at the top of the leg in the crease) before the
device is activated and again after 45 minutes. This is to look for
markers in the blood which may suggest a reduction in blood clots
and also encourage the growth of new blood vessels.

After the device is removed you will be given a short questionnaire
to fill in about how you found the experience and you will complete
the pain questionnaires again.

Are there any risks to participating in the study?

Taking part in the trial will not alter the operation or treatment that
you will receive for your circulation.

The blood collections should not cause you any significant
discomfort.

What are the possible benefits of taking part?

This study may not benefit you directly; however it may lead to the
development of a novel method for the future treatment of
ischaemic legs. There may be some pain relief.

Could | come to any harm if | take part in the study?

You may be withdrawn from the study if the doctors feel it is best
for you or if you do not comply with the requirements of the study.

If during the health screening tests any abnormal results are
found, you will be immediately referred for clinical review as
appropriate.

If you feel unacceptable levels of discomfort, or for any reason
during the study you do not wish to continue, than we will stop the
tests immediately.

The blood flow measurements and ultrasound are non-invasive,
painless and known to be entirely safe.
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All of the previous work using the system was found to be safe.
When the device is applying an electrical stimulation, you will feel
some muscle twitching and maybe tingling in your lower legs. That
is how the device works and is intended in this study.

There are very few risks involved in using this type of equipment
and the device is commonly used for therapeutic purposes to
exercise muscles under the supervision of a Physiotherapist, as
well as by members of the public for “toning” purposes in their
own homes.

The blood tests may leave a small bruise, but are safe and will be
performed by trained Medical Staff.

What happens when the research study stops?

When the study is complete, you will continue to be followed up by
the Vascular team as planned.

What if there is a problem?

Any complaint about the way you have been dealt with during the
study or any possible harm you might suffer will be addressed.
The detailed information on this is given in part 2.

If you have a complaint, please contact the following in the first
instance: Miss Rachel Barnes.

If you feel any significant discomfort or distress during the
investigations, you must say so and we will stop the tests
immediately at any time.

Any complaints about the way you have been dealt with during the
study or any possible harm you might suffer will be addressed.
The detailed information on this is given in Part 2.

A contact number for complaints will be given.

Will my taking part in the study be kept confidential?
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Yes. All the information about your participation in this study will
be kept confidential. The details are included in Part 2.

Contact Details:

If you require any further information please contaci:
Research team contact;

Miss Rachel Barnes,

Clinical Research Fellow,

Academic Vascular Surgery Unit,

Vascular Laboratory,

Hull Royal Infirmary,

Hull. HU3 2JZ

Tel: 01482 674178

This completes Part 1 of the Information Sheet.

If the information in Part 1 has interested you and you are
considering participation, please continue to read the additional
information in Part 2 before making any decision.
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Part 2

What if relevant new information becomes available?

Sometimes during the course of a research project, new
information becomes available about the treatment/drug that is
being studied. If this happens, your research doctor will tell you
about it and discuss whether you want to or should continue in the
study. If you decide not to carry on, your research doctor will
make arrangements for your care to continue. If you decide to
continue in the study you will be asked to sign an updated consent
form.

Also, on receiving new information your research doctor might
consider it to be in your best interests to withdraw you from the
study. He/she will explain the reasons and arrange for your care
to continue. If the study is stopped for any other reason, you will
be told why and your continuing care will be arranged.

What will happen if | don’t want to carry on with the study?

If you withdraw from the study we will need to use the data
collected up to your withdrawal.

What if there is a problem?

If you have a concern about any aspect of this trial, you should
first ask to speak to the researchers who will do their best to
answer your questions. If you remain unhappy and wish to
complain, you can do this via the NHS Complaints Procedure.
Details can be obtained from;

Ms Janet Austin, Head of Complaints Department, Hull Royal
Infirmary.

Tel: 01482 605284

In the event that something does go wrong and you are harmed
during the research and this is due to someone's negligence then
you may have grounds for a legal action for compensation against
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Hull and East Yorkshire Hospitals NHS Trust but you may have to
pay your legal costs. The normal National Health Service
complaints mechanisms will still be available to you. In the highly
unlikely event that you suffer from injury or iliness as a result of
participation in this study, indemnity will be provided by the Hull
and East Yorkshire hospitals NHS Trust. Compensation will be by
the usual NHS procedures.

Will my taking part in this study be kept confidential?

All the information obtained about you in the course of the study is
confidential and will be kept in a secure locked room. The
investigators performing the study and a study Monitor will have
access to the data collected in this study. They may also be
looked at by representatives of regulatory authorities and by
authorised people from Hull Royal Infirmary to check that the
study is being carried out correctly. All will have a duty of
confidentiality to you as a research participant and nothing that
could reveal your identity will be disclosed outside the research
site.

What will happen to the results of the research study?

The results of this study may be published or presented at
meetings. You will not be identified in any report / publication or
presentation. We would be happy to supply you with a copy of the
results on request.

Who is organising and funding the study?

This study is organised and funded through the Academic
Vascular Surgery Unit, Hull Royal Infirmary.
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Who has reviewed this study?

The ethics behind this study have been reviewed and supported
by the National Research Ethics Service Committee East of
England- Cambridge East.

Further information/independent advice

Independent advice regarding this study or any other aspect of
your care can be obtained from the Patients Advisory
Liaison Service (PALS) using the details below;

PALS Office, Main Reception, Hull Royal Infirmary, Anlaby Road,
HULL, HU3 2JZ

Tel. 01482 623065
Fax: 01482 622252
Email: pals@hey.nhs.uk

What happens next?

Please discuss this information with your family, friends or GP if
you wish. Any questions can be answered then or please do not
hesitate to contact the research team on the number below.
Thank you very much for taking the time to read this information
sheet and considering taking part in our research.
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Prospective observational series to establish

the haemodynamic efficacy and tolerability of

the geko™ device in patients with lower limb
vascular disease.

Volunteer Participant

Participant information sheet

Part 1
Invitation

You are being invited to take part in a research study. Before you
decide it is important for you to understand why the research is
being done and what it will involve. Please take time to read the
following information carefully. Talk to others about the study if
you wish.

e Part 1 tells you the purpose of this study and what will
happen to you if you take part.

e Part 2 gives you more detailed information about the
conduct of the study.

What is the purpose of the study?

You are being asked to take part in this study because whilst you
have varicose veins you have normal blood supply to your legs.
The study is being carried out by a Research Registrar attached
to the Department of Vascular Surgery, undertaking a research
degree at Hull University.

Some patients have reduced blood flow which means that not
enough blood and oxygen is reaching the tissues and this often
results in pain, ulcers or tissue loss- known as ischaemia. The
treatment of ischaemia aims to relieve symptoms, improve quality
of life, heal areas of ulceration and ultimately prevent amputation.
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For some of these patients there is not a surgical treatment or
surgery has failed to improve the symptoms.

In these situations treatment is difficult and as such new
treatments are being investigated.

You have been invited to take part in a clinical trial to see if using
a device called the geko™ can TEMPORARILY improve the
circulation and establish how comfortable the device is to wear. It
is important to compare the effects seen in people without
ischaemia, i.e. patients like you compared with ischaemic
patients. This information will assist us to develop the device for
patients with poor leg blood flow (ischaemia) and may be useful
for other vascular conditions in the future such as varicose veins.

To help you decide if you would like to take part, please read this
information sheet. It gives you details of what will be involved if
you decide to take part and also who to contact if you would like to
discuss the study or ask any questions.

Do | have to take part?

No. It is up to you to decide whether or not to take part. If you do
decide to participate you will be given this information sheet to
keep and be asked to sign a Consent form. You are still free to
withdraw at any time and without giving a reason. Any future care
you may need will not be affected in any way.

Before you can begin the study

You may read the full study protocol as well as this Patient
Information Sheet, which gives you many details about the study.
The recruiting Investigator will tell you about any potential adverse
events that could occur in this study. You will be told exactly what
the study entails and what will be required of you. You are
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encouraged to ask questions of the Investigators conducting the
recruitment interview until you are satisfied that you fully
understand the nature of the study and the requirements.

What happens in the study?

If you think you might be interested in taking part in the study, you
will have a short interview with one of the Researchers so we can
collect some details from you and make sure you are eligible to
join in the trial.

Once you are enrolled in the trial we will ask you to complete short
questionnaires and we will perform a physical examination.

The study and tests will take place in a clinical room at Hull Royal
Infirmary. You will be asked to avoid fatty foods, tobacco and
caffeine on your assessment day. It is advised that you wear light
comfortable garments and your legs will need to be exposed.

At the start of the study you will be given 30 minutes to get used
to your environment and relax. You will be given questionnaires to
complete which will ask you about the pain you have been
experiencing.

The geko™ device will then be applied to your leg, behind the
knee, to stimulate a nerve for 60 minutes. Some patients will have
the device applied but not turned on. You may experience the
muscles in your leg and/or foot gently contracting/ twitching.

Two different types of scan will be performed to look at the blood
flow in your leg before the device is turned on and at intervals
following the application. One is an ultrasound scan which simply
involves moving a probe over the skin and measuring blood flow.
The other is called a laser Doppler scan and looks at skin blood
flow using a small probe which is attached to your foot during the
study. Both scans are safe and painless.

We will also do the same measurements on the other leg for
comparison.
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15-20mls of blood (one tablespoon) will be taken from the vein in
the groin of each leg (at the top of the leg in the crease) before the
device is activated and again after 45 minutes. This is to look for
markers in the blood which may suggest a reduction in the
development of blood clots and also encourage the growth of new
blood vessels.

After the device is removed you will be given a short questionnaire
to fill in about how you found the experience and you will complete
the pain questionnaires again.

Are there any risks to participating in the study?
There are no known risks associated with wearing the device.

The blood collections should not cause you any significant
discomfort.

What are the possible benefits of taking part?

This study may not benefit you directly; however it may lead to the
development of a novel method for the future treatment of
ischaemic legs.

Could | come to any harm if | take part in the study?

You may be withdrawn from the study if the doctors feel it is best
for you or if you do not comply with the requirements of the study.

If during the health screening tests any abnormal results are
found, you will be immediately referred for clinical review as
appropriate.

If you feel unacceptable levels of discomfort, or for any reason
during the study you do not wish to continue, than we will stop the
tests immediately.

The blood flow measurements and ultrasound are non-invasive,
painless and known to be entirely safe.

346



All of the previous work using the system was found to be safe.
When the device is applying an electrical stimulation, you will feel
some muscle twitching and maybe tingling in your lower legs. That
is how the device works and is intended in this study.

There are very few risks involved in using this type of equipment
and the device is commonly used for therapeutic purposes to
exercise muscles under the supervision of a Physiotherapist, as
well as by members of the public for “toning” purposes in their
own homes.

The blood tests may leave a small bruise, but are safe and will be
performed by trained Medical Staff.

What happens when the research study stops?

When the study is complete there will be no change to any care
you have been receiving or awaiting.

What if there is a problem?

Any complaint about the way you have been dealt with during the
study or any possible harm you might suffer will be addressed.
The detailed information on this is given in part 2.

If you have a complaint, please contact the following in the first
instance: Miss Rachel Barnes.

If you feel any significant discomfort or distress during the
investigations, you must say so and we will stop the tests
immediately at any time.

Any complaints about the way you have been dealt with during the
study or any possible harm you might suffer will be addressed.
The detailed information on this is given in Part 2.

A contact number for complaints will be given.

Will my taking part in the study be kept confidential?
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Yes. All the information about your participation in this study will
be kept confidential. The details are included in Part 2.

Contact Details:
If you require any further information please contaci:
Research team contact;

Miss Rachel Barnes,

Clinical Research Fellow,
Academic Vascular Surgery Unit,
Vascular Laboratory,

Hull Royal Infirmary,

Hull. HU3 2JZ

Tel: 01482 674178

This completes Part 1 of the Information Sheet.

If the information in Part 1 has interested you and you are
considering participation, please continue to read the additional
information in Part 2 before making any decision.
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Part 2
What if relevant new information becomes available?

Sometimes during the course of a research project, new
information becomes available about the treatment/drug that is
being studied. If this happens, your research doctor will tell you
about it and discuss whether you want to or should continue in the
study. If you decide not to carry on, your research doctor will
make arrangements for your care to continue. If you decide to
continue in the study you will be asked to sign an updated consent
form.

Also, on receiving new information your research doctor might
consider it to be in your best interests to withdraw you from the
study. He/she will explain the reasons and arrange for your care
to continue. If the study is stopped for any other reason, you will
be told why and your continuing care will be arranged.

What will happen if | don’t want to carry on with the study?

If you withdraw from the study we will need to use the data
collected up to your withdrawal.

What if there is a problem?

If you have a concern about any aspect of this trial, you should
first ask to speak to the researchers who will do their best to
answer your questions. If you remain unhappy and wish to
complain, you can do this via the NHS Complaints Procedure.
Details can be obtained from;

Ms Janet Austin, Head of Complaints Department, Hull Royal
Infirmary.

Tel: 01482 605284
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In the event that something does go wrong and you are harmed
during the research and this is due to someone's negligence then
you may have grounds for a legal action for compensation against
Hull and East Yorkshire Hospitals NHS Trust but you may have to
pay your legal costs. The normal National Health Service
complaints mechanisms will still be available to you. In the highly
unlikely event that you suffer from injury or illness as a result of
participation in this study, indemnity will be provided by the Hull
and East Yorkshire hospitals NHS Trust. Compensation will be by
the usual NHS procedures.

Will my taking part in this study be kept confidential?

All the information obtained about you in the course of the study is
confidential and will be kept in a secure locked room. The
investigators performing the study and a study Monitor will have
access to the data collected in this study. They may also be
looked at by representatives of regulatory authorities and by
authorised people from Hull Royal Infirmary to check that the
study is being carried out correctly. All will have a duty of
confidentiality to you as a research participant and nothing that
could reveal your identity will be disclosed outside the research
site.

What will happen to the results of the research study?

The results of this study may be published or presented at
meetings. You will not be identified in any report / publication or
presentation. We would be happy to supply you with a copy of the
results on request.

Who is organising and funding the study?

This study is organised and funded through the Academic
Vascular Surgery Unit, Hull Royal Infirmary.
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Who has reviewed this study?

The ethics behind this study have been reviewed and supported
by the National Research Ethics Service East of England
Committee- Cambridge East.

Further information/independent advice

Independent advice regarding this study or any other aspect of
your care can be obtained from the Patients Advisory
Liaison Service (PALS) using the details below;

PALS Office, Main Reception, Hull Royal Infirmary, Anlaby Road,
HULL, HU3 2JZ

Tel. 01482 623065
Fax: 01482 622252
Email: pals@hey.nhs.uk

What happens next?

Please discuss this information with your family, friends or GP if
you wish. Any questions can be answered then or please do not
hesitate to contact the research team on the number below.
Thank you very much for taking the time to read this information
sheet and considering taking part in our research.
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A randomised control trial to establish if the
use of geko™ post infra-inguinal surgical vein
revascularisation increases flow through the
graft

Lay Title: “Surgical Revascularisation and Nerve Stimulation
Trial’

Patient information sheet

Part1

Invitation

Your consultant believes you may be a suitable/ willing participant
for a research study being carried out at Hull Royal Infirmary. The
study is being carried out by a Research Registrar attached to the
Department of Vascular Surgery, undertaking a research degree
at Hull University.

Before you decide whether to take part it is important for you to
understand why the research is being done and what it will
involve. Please take time to read the following information
carefully and talk to others about the study if you wish.

e Part 1 tells you the purpose of this study and what will
happen to you if you take part

e Part 2 gives you more detailed information about the
conduct of the study
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What is the purpose of the study?

You are suffering from arterial disease which is affecting the
circulation in your leg(s). The lack of blood flow has meant that
not enough blood and oxygen is reaching the tissues resulting in
pain, ulcers or tissue loss. You have undergone a bypass graft to
improve the blood flow and as such hopefully relieve your
symptoms, improve your quality of life, heal areas of ulceration
and ultimately prevent amputation.

As has been explained to you by your surgical team,
unfortunately bypass grafts can block/ fail over time which can
result in the return of your symptoms. We are investigating ways
in which we can prevent this.

You have been invited to take part in a clinical trial to see if using
a device called the geko™ may TEMPORARILY improve the
blood flow through your bypass graft following your operation. In
the active group it is hoped that this intervention may improve the
patency (working) of the graft.

To help you decide if you would like to take part, please read this
information sheet. It gives you details of what will be involved if
you decide to take part and also who to contact if you would like to
discuss the study or ask any questions.

Do | have to take part?

No. It is up to you to decide whether or not to take part. If you do,
you will be given this information sheet to keep and be asked to
sign a consent form. You are still free to withdraw at any time and
without giving a reason. Your non-participation or dropping out of
the study will not affect your planned treatment and care in any
way.

Before you can begin the study

You may read the full study protocol as well as this Information
sheet which gives you many details about the study. The
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Recruiting Investigator will tell you about any potential adverse
events that could occur in the study. You will be told exactly what
the study entails and what will be required of you. You are
encouraged to ask questions until you are satisfied that you fully
understand the nature of the study and the requirements.

What happens in the study?

If you think you might be interested in taking part in the study, you
will have a short interview with one of the researchers so we can
collect some details from you and make sure there is no reason
not to include you in the trial. Once you are enrolled in the trial we
will ask you to complete 3 short questionnaires and we will
perform an examination.

Study day

You will all attend the vascular lab in Hull Royal Infirmary (1°
floor). You will be asked to avoid fatty foods, tobacco and caffeine
on this assessment day. It is advised that you wear light
comfortable garments and your legs will need to be exposed.

At the start of the study period you will be given 30 minutes to get
used to your environment and relax. You will be given a
questionnaire to complete which will ask you about the pain you
have been experiencing.

If you are in the active part of the trial the geko™ device will then
be applied to your leg to stimulate a nerve for 60 minutes. You will
experience the muscles in your leg and/or foot gently contracting/
twitching. If you are in the control group the device will be applied
to your leg but will not be activated.
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Two different types of scan will be performed to look at the blood
flow in your leg before the device is turned on and at intervals
following the application. One is an ultrasound scan which simply
involves applying a probe to the skin and measuring blood flow.
The other is called a laser Doppler scan and looks at skin blood
flow using a small probe which is continually attached to your foot
during the study.

We will also do the same measurements on the other leg for
comparison.

A measurement will also be taken using two small blood pressure
cuffs, one of which will be attached to a strap around the neck and
the other around the leg, The cuffs gently inflate to look at how
stiff the walls of your blood vessels are and what affect the geko™
is having on the strength of your heart muscle contractions. The
test is painless and will be performed before the device is
activated and following its removal

15-20mls of blood (one tablespoon) will be taken from the groin of
each leg (at the top of the leg in the crease) before the device is
activated and again after 45 minutes. This will not be any more
uncomfortable than a standard blood test and will be performed
using the ultrasound to reduce the risks of discomfort, bleeding
and bruising. The purpose of these tests is to look for markers in
the blood which reduce blood clots and encourage the growth of
new blood vessels. A systemic blood sample will also be taken
from your arm at the beginning of the study period.

After the device is removed you will be given a short questionnaire
to fill in about how you found the experience and you will complete
the pain questionnaire again.
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Are there any risks to participating in the study?

Taking part in the trial will not alter the operation or treatment that
you will receive for your circulation. There is a small possibility of
skin reactions to the gel on the device although this has been
extensively tested. You may also experience some mild discomfort
when the device is first turned on.

What are the potential benefits of taking part?

The research which has been carried out so far suggests that
wearing the device may temporarily improve blood flow, but the
effect on bypass grafts is unknown. If it is shown to improve flow
in the graft it may be a useful treatment option in the future.

Could | come to any harm if | take part in the study?

You may be withdrawn from the study if the doctors feel it is best
for you or if you do not comply with the requirements of the study.

If during the health screening tests any abnormal results are
found, you will be immediately referred for clinical review as
appropriate.

If you feel unacceptable discomfort, or for any reason during the
study you do not wish to continue, than we will stop the tests
immediately.

The blood flow measurements and ultrasound are non-invasive,
painless and known to be entirely safe.
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All of the previous work using the system was found to be safe.
When the device is applying an electrical stimulation, you will feel
some muscle twitching and maybe tingling in your lower legs. That
is how the device works and is intended in this study.

There are very few risks involved in using this type of equipment
and the device is commonly used for therapeutic purposes to
exercise muscles under the supervision of a Physiotherapist, as
well as by members of the public for “toning” purposes in their
own homes.

What happens when the research study stops?

When the study is complete, you will continue to be followed up by
the vascular team as usual.

What if there is a problem?

Any complaint or concerns about the way you have been dealt
with during the study or potential harm you might suffer will be
addressed. The detailed information on this is given in part 2.

If you have a complaint please contact the following in the first
instance:

Miss Rachel Barnes

If you feel any discomfort or distress during the investigations, you
must say so and we will stop the tests immediately at any time.
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Any complaint about the way you have been dealt with during the
study or any possible harm you might suffer will be addressed.
The detailed information on this is given in Part 2.

A contact number for complaints will be given.

Will my taking part in the study be kept confidential?

Yes. All the information about your participation in this study will
be kept confidential. The details are included in Part 2.

Contact Details:
If you require any further information please contact:

Research team contact;

Miss Rachel Barnes, Clinical Research Fellow
Academic Vascular Surgery unit

Vascular Laboratory

Hull Royal Infirmary,

Hull. HU3 2JZ

Tel: 01482 674178

This completes Part 1 of the Information Sheet.

If the information in Part 1 has interested you and you are
considering participation, please continue to read the additional
information in Part 2 before making any decision.
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Part 2
What if relevant new information becomes available?

Sometimes during the course of a research project, new
information becomes available about the treatment/drug that is
being studied. If this happens, your research doctor will tell you
about it and discuss whether you want to or should continue in the
study. If you decide not to carry on, your research doctor will
make arrangements for your care to continue. If you decide to
continue in the study you will be asked to sign an updated consent
form.

Also, on receiving new information your research doctor might
consider it to be in your best interests to withdraw you from the
study. He/she will explain the reasons and arrange for your care
to continue. If the study is stopped for any other reason, you will
be told why and your continuing care will be arranged.

What will happen if | don’t want to carry on with the study?

If you withdraw from the study we will need to use the data
collected up to your withdrawal.

What if there is a problem?

If you have a concern about any aspect of this trial, you should
first ask to speak to the researchers who will do their best to
answer your questions. If you remain unhappy and wish to
complain, you can do this via the NHS Complaints Procedure.
Details can be obtained from;

Ms Janet Austin, Head of Complaints Department, Hull Royal
Infirmary. Tel: 01482 605284
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In the event that something does go wrong and you are harmed
during the research and this is due to someone's negligence then
you may have grounds for a legal action for compensation against
Hull and East Yorkshire Hospitals NHS Trust but you may have to
pay your legal costs. The normal National Health Service
complaints mechanisms will still be available to you. In the highly
unlikely event that you suffer from injury or iliness as a result of
participation in this study, indemnity will be provided by the Hull
and East Yorkshire hospitals NHS Trust. Compensation will be by
the usual NHS procedures.

Will my taking part in this study be kept confidential?

All the information obtained about you in the course of the study is
confidential and will be kept in a secure locked room. The
investigators performing the study and a study Monitor will have
access to the data collected in this study. They may also be
looked at by representatives of regulatory authorities and by
authorised people from Hull Royal Infirmary to check that the
study is being carried out correctly. All will have a duty of
confidentiality to you as a research participant and nothing that
could reveal your identity will be disclosed outside the research
site.

What will happen to the results of the research study?

The results of this study may be published or presented at
meetings. You will not be identified in any report / publication or
presentation. We would be happy to supply you with a copy of the
results on request.
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Who is organising and funding the study?

This study is organised and funded through the Academic
Vascular Surgery unit, Hull Royal Infirmary.

Who has reviewed this study?

The ethics behind this study have been reviewed and supported
by the National Research Ethics Service Committee- Sheffield .

Further information/independent advice

Independent advice regarding this study or any other aspect of
your care can be obtained from the Patients Advisory
Liaison Service (PALS) using the details below;

PALS Office, Main Reception, Hull Royal Infirmary, Anlaby Road,
HULL, HU3 247
Tel. 01482 623065
Fax: 01482 622252
Email: pals@hey.nhs.uk

What happens next?

Please discuss this information with your family, friends or GP if
you wish. Any questions can be answered then or please do not
hesitate to contact the research team on the number below.
Thank you very much for taking the time to read this information
sheet and considering taking part in our research.
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Appendix Seven: Consent forms *On headed paper

Consent to participate in:

Prospective observational series to establish the haemodynamic
efficacy and tolerability of the geko ™ device in patients with lower
limb vascular disease.

CLAUDICANT PATIENT

Please affix
Pt. Details sticker

Participants
Initials

I confirm that | have been given adequate time to read and
understand all of the Patient Information Sheet version 1.2;
Dated 21st February 2013 relating to the trial. | have had the
opportunity to ask any questions and understood the
responses.

| understand that relevant sections of any of my medical
notes and data collected during the study may be looked at
by individuals from regulatory authorities or from the NHS
Trust, where it is relevant to my taking part in this research. |
give permission for these individuals to have access to my
records

| understand that participation in the trial is entirely voluntary
and that | have the right to withdraw at any time without
giving my reasons.

| consent to my general practitioner and consultant vascular
surgeons being informed of my participation in the trial.

| agree to take part in the trial

| consent to have details stored by the research team and
understand that my details will not be available to anyone
other than the research staff or database administrator.

| understand that the results of the study may be presented
at medical conferences and published in medical literature in
an anonymous form. No identifiable details will be released to
anyone outside of the research team without my permission.

Participant Name: date / [/
Signature:

Researcher Name: date / [/
Signature
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Consent to participate in:

Prospective observational series to establish the haemodynamic
efficacy and tolerability of the geko ™ device in patients with lower

limb vascular disease.

VOLUNTEER PARTICIPANT

Please affix
Pt. Details sticker

Participants
Initials

I confirm that | have been given adequate time to read and
understand all of the Patient Information Sheet version 1.2;
Dated 21st February 2013 relating to the trial. | have had the
opportunity to ask any questions and understood the
responses.

| understand that relevant sections of any of my medical
notes and data collected during the study may be looked at
by individuals from regulatory authorities or from the NHS
Trust, where it is relevant to my taking part in this research. |
give permission for these individuals to have access to my
records

| understand that participation in the trial is entirely voluntary
and that | have the right to withdraw at any time without
giving my reasons.

| consent to my general practitioner and consultant vascular
surgeons being informed of my participation in the trial.

| agree to take part in the trial

| consent to have details stored by the research team and
understand that my details will not be available to anyone
other than the research staff or database administrator.

| understand that the results of the study may be presented
at medical conferences and published in medical literature in
an anonymous form. No identifiable details will be released to
anyone outside of the research team without my permission.

Participant Name:
Signature:

Researcher Name:
Signature

date / [/

date / [/
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Consent to participate in:

A randomised control trial to establish if the use of geko™ post
infra-inguinal surgical revascularisation increases flow through the

graft.

The Surgical Revascularisation and Nerve Stimulation Trial (SRANS)

Please affix
Pt. Details sticker

Participants
Initials

I confirm that | have been given adequate time to read and
understand all of the Patient Information Sheet version 1.1;
Dated 16™ November 2012, relating to the trial. | have had the
opportunity to ask any questions and have understood the
responses.

| understand that relevant sections of any of my medical notes
and data collected during the study may be looked at by
individuals from regulatory authorities or from the NHS Trust,
where it is relevant to my taking part in this research. | give
permission for these individuals to have access to my records

| understand that participation in the trial is entirely voluntary
and that | have the right to withdraw at any time without giving
my reasons.

| consent to my general practitioner and consultant vascular
surgeon being informed of my participation in the trial.

| agree to take part in the trial

| consent to have details stored by the research team and
understand that my details will not be available to anyone
other than the research staff or database administrator.

| understand that the results of the study may be presented at
medical conferences and published in medical literature in an
anonymous form. No identifiable details will be released to
anyone outside of the research team without my permission.

Participant Name: Date  / |

Signature:

Researcher Name: Date

Signature:

[

-
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Appendix Eight: ELISA plates

PAI plate 1
GK26 GK26 | AH24 | AH24 | BC27 | BC27 | DD21 | DD21 | CM16 | CM16
B B B B B B B B B B
GK26 GK26 | AH24 | AH24 | BC27 | BC27 | DD21 | DD21 | CM16 | CM16
R R B B R R L L R R
GK26 GK26 | MP23 | MP23 | BC27 | BC27 | PA29 | PA29 | ST31 | ST31
L L B B L L R R B B
BC25 BC25 | MP23 | MP23 | PH28 | PH28 | DD21 | DD21 | ST31 | ST31
B B R R L L R R R R
BC25 BC25 | MP23 | MP23 | PH28 | PH28 | MH20 | MH20 | ST31 | ST31
R R L L B B L L L L
BC25L | BC25 | MG22 | MG22 | PH28 | PH28 | MH20 | MH20 | CE38 | CE38

L L L R R R R B B
AH24 L | AH24 | MG22 | MG22 | PA29 | PA29 | MH20 | MH20 | CE38 | CE38

L R R L L B B R R
AH24 AH24 | MG22 | MG22 | PA29 | PA29 | CM16 | CM16 | CE38 | CE38
R R B B B B L L L L
1 2 3 4 5 6 7 8 9 10
350.4 | 367.3 | 149.3 | 158.1 | >525.0 | >525.0 171.0 178.4 166.6 178.4
333.8 | 327.2 | <0.0 184.6 440.6 441.4 216.7 225.5 | <0.0 <0.0
297.7 | 3349 | 119.8 | 125.7 404.2 395.3 274.5 297.7 351.1 339.7
218.9 | 232.9 94.7 | 106.2 162.5 164.7 424 1 432.2 365.5 337.9
75.2 80.0 | <0.0 <0.0 184.6 179.5 197.5 209.3 362.9 378.4
297.3 | 305.8 | <0.0 <0.0 127.2 123.5 98.0 98.8 219.6 209.7
136.0 | 128.6 28.1 26.2 280.4 286.7 136.7 126.8 118.3 114.6
209.7 | 224.8 | 157.0 | 144.8 37.3 481.5 83.3 73.4 256.5 | >525.0

Standard Curve R% = 0.9926
1.6 ,./
g
S 12
o
Q2
=
S o /
§ 06
2 *
Q 04
< //./
Concentration ng/ml
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PAl plate 2

GB14 | GB14 | Rw12 | Rw12 | PW39 | PW39 | PW39 | PW39 | MG15 | MG15
B B L L B B L L L L
GB14 GB14 | RW12 | RW12 | JT36 | JT36 PW39 | PW39 | MG15 | MG15
L L R R B B R R R R
GB14 GB14 | NW37 | NW37 | JT36 | JT36 | CC30 | CC30 | MG15 | MG15
R R B B R R B B B B
RC11 RC11 | NW37 | NW37 | JT36 | JT36 | CC30 | CC30 | SA13 | SA13
B B R R L L R R R R
RC11 RC11 | NW37 | NW37 | KW33 | KW33 | CC30 | CC30 | SA13 | SA13
R R L L B B L L L L
RC11 RC11 | CJ19 | CJ19 | KW33 | KW33 | JP17 | JP17 | SA13 | SA13
L L B B R R B B B B
NB18 | NB18 | CJ19 | CJ19 | KW33 | KW33 | JP17 | JP17
B B L L L L R R
NB18 NB18 | CJ19 | CJ19 | RW12 | RW12 | JP17 | JP17
R R R R B B L L
1 2 3 4 5 6 7 8 9 10
256.5 | 256.8 | 265.7 | 280.9 173.9 170.9 154.4 192.0 171.5 172.6
2454 | 2416 | 287.6 | 305.5 113.0 117.3 157.4 165.8 192.0 187.2
232.9 | 236.5 | 247.8 | 261.6 211.5 209.6 237.8 247.3 170.1 180.1
99.2 | 105.9 | 248.9 | 254.3 112.7 112.7 226.7 227.5 208.0 201.0
426 | 44.2 | 236.7 | 254.6 266.0 259.5 19.8 225.6 219.1 216.7
98.4 | 99.2 | 123.3 | 126.0 41.0 41.0 255.9 199.4 255.9 279.2
219.1 | 218.3 | 111.9 | 116.0 270.8 276.5 147.9 158.2 | <0.0 <0.0
229.7 | 237.3 429 | 43.1 271.7 279.8 168.8 173.1 | <0.0 <0.0
Standard Curve )
R"=0.9983

. 2 N —

g - e

s _

o

g " /'/

2

3

Concentration (ng/ml)
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PAl plate 3

PS41 | PS41 | PS41 | PS41 | PS41 | PS41L | JO34 | JQ34 | JQ34 | JQ34
B B R R L R R L L
KS42 | KS42 | KS42 | KS42 | KS42 | KS42L | JQ34 | JQ34 | CD35 | CD35
B B R R L B B L L
MM44 MM44 | MM44 | MM44 | MM44 | MM44 CD35 | CD35 | CD35 | CD35
B B L L R R R R B B
SM45 | SM45 | SM45 | SM45 | SM45 | SM45 | CE50 | CE50 | CE50 | CE50
B B L L R R L L R R
BB46 BB46 | BB46 | BB46 | BB46 | BB46 CE50 | CE50 | CT51 CT51
B B L L R R B B B B
EW47 | EW47 | EW47 | EW47 | EW47 | EW47 | CT51 | CT51 | CT51 | CT51
B B R R L L L L R R
BD48 BD48 | BD48 | BD48 | BD48 | BD48 MM40 | MM40 | MM40 | MM40
B B L L R R B B R R
DC49 | DC49 | DC49 | DC49 | DC49 | DC49 | MM40 | MM40 | MG22 | MG22
B B L L R R L L L L
1 2 3 4 5 6 7 8 9 10
76.4 745 | 101.4 | 110.7 49.6 49.6 80.5 84.5 178.2 184.7
98.0 | 108.8 | 176.3 | 193.5 | 127.7 136.5 117.0 122.6 209.5 2251
250.8 | 2771 | 2319 | 271.1 | 1913 214.8 121.3 129.3 245.9 232.7
233.2 | 230.3 | 164.2 | 170.6 | 188.7 193.1 64.9 76.5 109.0 123.2
193.1 | 291.8 | 138.6 | 146.3 | 146.0 147.9 55.3 66.7 269.4 296.2
210.7 | 238.1 | 158.4 | 165.6 | 145.2 145.5 167.5 198.9 291.4 317.2
151.8 | 154.4 | 1029 | 101.0 94.7 954 66.9 63.6 87.3 94.0
195.1 | 220.2 | 244.3 | 1471 | 146.8 143.1 42.3 47.0 87.0 115.9
Standard Curve

| R*=0.9999

//
1 —
< 08

1

2

3

Concentration (ng/ml)
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PAl plate 4

ST60 | ST60 | ER80 | ER80 | MS67 | MS67 | SW32 | SW32 | RL64 | RL64

B B B B R R B B R R

ST60 | STeo | JE82 | JE82 | MS67 | MS67 | AD69 | AD69 | SS66 | SS66

R R L L L L B B L L

ST60 | STe0 | MO63 | MO63 | JH81 | JH81 | AD69 | AD69 | SS66 | SS66

L L B B B B L L R R

ER80 | ER80 | MO63 | MO63 | JH81 | JH81 | AD69 | AD69 | DS65 | DS65

L L R R R R R R B B

ER80 | ER80 | MO63 | MO63 | JB68 | JB68 | SW32 | SW32 | DS65 | DS65

R R L L B B R R R R

MH62 | MH62 | JE82 | JE82 | JB68 | JB68 | SW32 | SW32 | DS65 | DS65

B B R R R R L L L L

MH62 | MH62 | JE82 | JE82 | JB68 | JB68 | RL64 | RL64 | SS66 | SS66

R R B B L L B B B B

MH62 | MH62 | MS67 | MS67 | JH81 | JH81 RL64 | RL64 | CM16 | CM16

L L B B L L L L R R
1 2 3 4 5 6 7 8 9 10
164.3 | 168.2 | 130.9 | 145.2 100.2 100.0 97.0 93.8 212.9 240.2
190.1 | 1879 60.1 66.1 99.0 95.3 223.4 213.5 210.6 220.6
173.2 | 188.4 | 192.0 | 207.2 56.3 65.0 230.6 220.9 217.4 242.3
71.0 64.3 | 180.4 | 164.9 104.4 110.8 239.7 254.4 132.4 144.0
178.2 | 179.6 | 143.8 | 155.2 132.2 126.0 84.7 84.5 134.8 147.2
945 | 100.5 96.1 95.8 118.8 113.5 70.5 68.8 109.7 124.4
90.0 88.4 81.5 87.3 100.0 99.2 94.8 95.0 251.4 266.2
82.0 85.1 | 105.6 | 100.7 73.9 69.3 137.4 178.5 145.7 165.1

Standard Curve

2 R®=1.000

e ///r

2 o

s . /

5 I

2

3

Concentration (ng/ml)
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PAl plate 5

MP70 | MP70 | WS71 | WS71 | JP72 | JP72 CM73 | CM73 | RM74 | RM74

B B B B B B B B B B

MP70 | MP70 | WS71 | WS71 | JP72 | JP72 | CM73 | CM73 | RM74 | RM74

R R R R L L R R L L

MP70 | MP70 | WS71 | WS71 | JP72 | JP72 CM73 | CM73 | RM74 | RM74

L L L L R R L L R R

DM52 | DM52 | MA53 | MA53 | JA55 | JA55 RM57 | RM57 | JE5S8 | JE5S8

B B R R L L B B L L

DM52 | DM52 | PG4 PG4 JA55 | JAS5 RM57 | RM57 | GB GB

R R R R R R R R 59B 59 B

DM52 | DM52 | PG4 PG4 TW56 | TW56 | RM57 | RM57 | GB59 | GB59

L L B B B B L L L L

MA53 | MA53 | PG4 PG4 TW56 | TW56 | JES8 | JE58 GB59 | GB59

B B L L L L B B R R

MA53 | MA53 | JAS5 | JAS5 | TW56 | TW56 | JES8 | JE5S8

L L B B R R R R

1 2 3 4 5 6 7 8 9 10

166.9 | 160.0 83.8 91.9 178.8 176.5 214.2 196.1 303.1 300.5

186.6 | 190.5 143.7 | 147.3 2154 208.7 36.4 36.0 201.5 203.7

202.0 | 198.2 156.3 | 164.0 207.5 214.2 188.2 187.0 293.5 320.8

144.3 | 1421 151.2 | 172.2 212.3 210.8 268.6 206.7 374.0 155.2

161.5 | 156.5 322.9 | 338.9 271.2 163.5 230.4 252.2 150.6 156.0

158.2 | 165.5 | 218.56 | 226.9 311.2 342.9 245.3 260.9 237.9 255.6

159.3 | 160.2 233.1 | 256.7 409.9 392.0 166.9 168.2 154 .1 164.2

168.7 | 180.2 183.4 | 204.8 336.4 347.8 176.1 162.2 | <0.0 3.5
Standard Curve

R?=0.9994

8 15 /

<

c

2

=

[e]

®» o5 A

Q

< /

2

3 4

Concentration (ng/ml)
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PAl plate 6

CwW3 | CW3 | PC2 PC2 MS5 MS5 PH79 | PH79 | SB75 | SB75
L L R R L L B B L L
CW3 [ CW3 [PC2 |PC2 |MS5 |MS5 |PH79 | PH79 | SB75 | SB75
R R B B B B R R R R
CwW3 | CW3 | PC2 PC2 MS5 MS5 PH79 | PH79 | SB75 | SB75
B B L L R R L L B B
JG7 |JG7 | MP10 | MP10 | CF6 | CF6 | KB78 | KB78 | MS76 | MS76
B B B B B B B B B B
JG7 | JG7L | MP10 | MP10 | CF6 CFé KB78 | KB78 | MS76 | MS76
L L L R R R R R R
JG7 | JG7 | MP10 | MP10 | CF6L | CF6L | KB78 | KB78 | MS76 | MS76
R R R R L L L L
GO0 | GO0 | GO9 | GO9 | RP8 RP8 DH77 | DH77 | DH77 | DH77
B B L L B B B B L L
GO9 | GO9 |[RP8 |RP8 |RP8 |RP8 | DH77 | DH77
R R L L R R R R
1 2 3 4 5 6 7 8 9 10
184.6 | 187.2 82.7 94.7 139.4 138.5 455.5 489.2 151.0 145.4
157.4 | 167.4 | 1442 | 164.9 152.2 154.7 375.9 382.5 221.3 237.2
188.1 | 186.8 | 160.9 | 1859 | 1292 137.3| 379.8| 4043 | 369.3 | 368.9
235.2 | 234.8 | 205.1 | 207.7 211.0 236.9 317.8 316.7 270.9 | >525.0
149.4 | 166.8 | 230.1 | 253.7 2041 200.5 284.4 316.4 321.5 342.1
263.1 | 272.6 | 216.6 | 232.1 204.7 183.9 284.4 334.2 338.0 396.3
349.0 | 337.2 | 309.7 | 363.9 | 1926 | 193.9| 371.6| 3995 | 4035 437.0
166.5 | 167.1 | 180.4 | 190.1 62.8 67.0 388.4 414.7 2.8 2.8
Standard Curve
) R®=0.9989
£ ==
§ 2 //
g -
g —
£ S &l

2

3 4

Concentration ng/ml
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PAl plate 7

MP23 MP23 | MM40 | MM40 | MM20 | MM20 | DD21 | DD21 | KS42 | KS42
B B L L L L R R L L
MP23 MP23 | MM40 | MM40 | MH20 | MH20 | DD21 | DD21 | KS42 | KS42
R R B B R R L L B B
MP23 MP23 | MM40 | MM40 | MH20 | MH20 | DD21 | DD21 | KS42 | KS42
L L R R B B B B R R
JQ34 L | JQ34 | JAS5 | JAS5 | BC25 | BC25 | PG4 | PG4 | MS76 | MS76
L B B B B B B L L
JQ34 JQ34 | JA55 | JAS5 | BC25 | BC25 | PG4 | PG4 | MS76 | MS76
R R L L R R L L R R
JQ34 B | JQ34 | JAS5 | JAS5 | BC25 | BC25 | PG4 | PG4 | MS76 | MS76
B R R L L R R B B
GB59 GB59 | GB59 | GB59 | RL64 | RL64 | CM73 | CM73 | CM73 | CM73
R R B B L L R R L L
GB59 GB59 | RL64 | RL64 | RL64 | RL64 | CM73 | CM73 | KW33 | KW33
L L R R B B B B B B
1 2 3 4 5 7 8 9 10
76.3 79.8 58.1 62.0 131.1 153.3 128.2 | 1375 175.0 195.2
67.7 66.2 68.2 76.5 123.9 126.1 140.7 | 148.0 178.9 183.7
72.3 79.7 71.8 78.0 161.0 171.1 139.4 | 151.3 1771 182.9
133.8 | 147.1 | 1404 150.4 229.6 249.0 176.9 | 190.5 215.8 210.6
88.8 90.1 | 163.8 183.3 56.5 59.4 211.3 | 215.6 215.8 233.9
138.1 | 136.2 | 163.2 173.8 206.2 218.3 167.8 | 185.2 206.0 220.1
105.8 | 111.3 | 1104 113.9 162.6 178.9 1125 | 1185 141.5 142.3
113.9 | 1129 | 164.8 167.8 156.2 172.7 135.4 | 142.7 217.6 228.5
Standard Curve R% = 1.0000
25 /3/
/
g
//
Concentration (ng/ml)
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PAl plate 8

CE38 CE38 | AB1 AB1 CE38 | CE38 | JH81 | JH81 | CT51 | CT51
R R B B L L B B L L
CE38 CE38 | AB1 AB1 CE38 | CE38 | JH81 | JH81 | CT51 | CT51
B B R R R R R R B B
CE38L | CE38 | AB1L | AB1L | CE38 | CE38 | JH81 | JH81 CT51 | CT51
L B B L L R R
BC27 BC27 | PA29 | PA29 | DM52 | DM52 | CE50 | CE50 | JP72 | JP72
R R L L B B B B L L
BC27 BC27 | PA29 | PA29 | DM52 | DM52 | CE50 | CE50 | JP72 | JP72
B B R R R R L L B B
BC27 L | BC27 | PA29 | PA29 | DM52 | DM52 | CE50 | CE50 | JP72 | JP72
L B B L L R R R R
DC49 DC49 | MG22 | MG22 | MG22 | MG22 | WS71 | WS71 | KW33 | KW33
R R B B L L B B R R
DC49 DC49 | MG22 | MG22 | WS71 | WS71 | WS71 | WS71 | KW33 | KW33
L L R R R R L L L L
1 2 3 4 5 6 7 8 9 10
1541 161.9 153.9 170.5 107.5 113.7 76.4 85.2 | 264.0 269.1
154.6 158.9 161.9 166.8 155.2 167.9 91.5 99.8 | 273.6 265.9
1141 120.5 169.0 179.3 165.2 174.5 65.8 80.0 | 266.7 | 272.8
>525.0 >525.0 203.6 | 2153 94.8 100.6 95.9 106.3 140.7 140.7
>525.0 >525.0 180.4 170.3 97.5 96.3 93.8 100.8 141.4 148.8
>525.0 >525.0 194.9 181.1 99.0 100.6 100.2 106.7 146.8 150.9
200.7 204.5 95.3 94.0 82.5 85.7 119.9 127.6 37.8 38.0
167.0 199.3 34.2 36.2 118.7 117.7 119.1 1248 | 219.7 | 238.6
Standard Curve
R*=1.0000
g ° /“/
5 >
5 e
é) 05 //
Concentration (ng/ml)
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TPA plate 1

GK26 | GK26 | AH24 | AH24 | BC27 | BC27 | DD21 | DD21 | CM16 | CM16
B B B B B B B B B B
GK26 | GK26 | AH24 | AH24 | BC27 | BC27 | DD21 | DD21 | CM16 | CM16
R R B B R R L L R R
GK26 | GK26 | MP23 | MP23 | BC27 | BC27 | PA29 | PA29 | ST31 | ST31
L L B B L L R R B B
BC25 | BC25 | MP23 | MP23 | PH28 | PH28 | DD21 | DD21 | ST31 | ST31
B B R R L L R R R R
BC25 | BC25 | MP23 | MP23 | PH28 | PH28 | MH20 | MH20 | ST31 | ST31
R R L L B B L L L L
BC25 | BC25 | MG22 | MG22 | PH28 | PH28 | MH20 | MH20 | CE38 | CE38
L L L L R R R R B B
AH24 | AH24 | MG22 | MG22 | PA29 | PA29 | MH20 | MH20 | CE38 | CE38
L L R R L L B B R R
AH24 | AH24 | MG22 | MG22 | PA29 | PA29 | CM16 | CM16 | CE38 | CE38
R R B B B B L L L L
1 2 3 4 5 6 7 9 10
7193.3 | 6871.5 | 4066.9 | 4159.3 | 3712.2 3604.1 | 3346.6 | 2711.3 | 5691.0 | 5466.0
6238.0 | 6478.2 | 4226.1 | 4851.7 | 2923.36 3181.6 | 27475 | 2426.1 | 5358.5 | 5578.5
6897.1 | 7029.9 | 2197.4 | 2301.4 | 3460.0 3573.3 | 6008.0 | 6432.2 | 5655.2 | 5496.7
5184.5 | 5266.4 | 1895.1 | 2082.9 | 2612.8 2519.5 | 2405.3 | 2545.4 | 5164.0 | 5496.7
4297.9 | 4539.0 | 1863.7 | 2009.9 | 2814.8 3093.8 | 3871.6 | 4087.4 | 5696.1 | 6238.0
4954.1 | 4897.8 | 3026.7 | 3228.0 | 2327.4 2923.4 | 4010.4 | 3609.3 | 3753.4 | 3779.1
3454.8 | 3490.9 | 2949.2 | 3016.4 | 6376.0 6759.2 | 41953 | 4380.0 | 3557.8 | 3480.6
4610.8 | 4544.1 | 40155 | 42158 | 6273.8 6386.2 | 4815.8 | 4974.6 | 3222.8 | 3485.7
Standard Curve
/l/ R? = 0.9998

.

Absorption 450 nm
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red
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TPA plate 2

GB14 | GB14 | RW12 | RwW12 | PW39 | PW39 | PW39 | PW39 | MG15 | MG15
B B L L B B L L L L
GB14 | GB14 | RW12 | RW12 | JT36 | JT36 PW39 | PW39 | MG15 | MG15
L L R R B B R R R R
GB14 | GB14 | NW37 | NW37 | JT36 | JT36 | CC30 | CC30 | MG15 | MG15
R R B B R R B B B B
RC11 | RC11 | NW37 | NW37 | JT36 | JT36 | CC30 | CC30 | SA13 | SA13
B B R R L L R R R R
RC11 | RC11 | NW37 | NW37 | KW33 | KW33 | CC30 | CC30 | SA13 | SA13
R R L L B B L L L L
RC11 | RC11 | CJ19 | CJ19 | KW33 | KW33 | JP17 | JP17 | SA13 | SA13
L L B B R R B B B B
NB18 | NB18 | CJ19 | CJ19 | KW33 | KW33 | JP17 | JP17
B B L L L L R R
NB18 | NB18 | CJ19 | CJ19 | RW12 | RW12 | JP17 | JP17
R R R R B B L L
1 2 5 6 7 8 g 10
4802.0 | 4987.4 | 2856.3 | 3142.5 | 4325.0 | 4603.5 | 3439.4 | 39264 | 2162.3 2373.7
3898.2 | 4507.2 | 3940.6 | 3978.4 | 7003.0 | 3509.2 | 41204 | 4177.3 | 2033.4 2332.3
4724 4 | 46324 | 5728.3 | 6208.4 | 5507.1 5951.8 | 3411.5 | 35559 | 2635.5 2851.
55421 5392.3 | 5784.0 | 6353.5 | 5179.1 5627.5 | 2755.1 2837.9 | 3804.1 4148.8
4768.0 | 4860.4 | 5819.5 | 6363.9 | 1130.7 | 1145.1 3304.6 | 3351.0 | 3818.2 4167.8
4865.3 | 5332.6 | 3416.1 | 3621.3 853.0 936.8 | 2304.8 | 3276.8 | 4339.4 4205.9
3397.5 | 34859 | 2907.0 | 2967.0 | 1518.8 | 1551.6 | 2953.1 3230.4 | <0.0 <0.0
27321 2957.7 | 2741.3 | 2870.2 | 4320.3 | 3884.0 | 3309.2 | 3565.2 | <0.0 <0.0
Standard Curve R? = 0.9988
25 |
g ° /,o’
g . _
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TPA plate 3

PS41 | PS41 | PS41 | PS41 PS41 | PS41 | JQ34 | JQ34 | JQ34 | JQ34
B B R R L L R R L L
KS42 | KS42 | KS42 | KS42 KS42 | KS42 | JQ34 | JQ34 | CD35 | CD35
B B R R L L B B L L
MM44 | MM44 | MM44 | MM44 | MM44 | MM44 | CD35 | CD35 | CD35 | CD35
B B L L R R R R B B
SM45 | SM45 | SM45 | SM45 | SM45 | SM45 | CE50 | CE50 | CE50 | CE50
B B L L R R L L R R
BB46 | BB46 | BB46 | BB46 BB46 | BB46 | CE50 | CE50 | CT51 | CT51
B B L L R R B B B B
EW47 | EW47 | EW47 | EW47 | EW47 | EW47 | CT51 | CT51 | CT51 | CT51
B B R R L L L L R R
BD48 | BD48 | BD48 | BD48 BD48 | BD48 | MM40 | MM40 | MM40 | MM40
B B L L R R B B R R
DC49 | DC49 | DC49 | DC49 DC49 | DC49 | MM40 | MM40 | MG22 | MG22
B B L L R R L L L L
1 2 3 4 5 6 7 8 9 10
7767.8 | 7951.2 | 6941.2 | 74105 | 7015.9 33.0 | 2500.6 | 2768.5 | 2753.8 2915.7
5927.8 | 6413.0 | 5584.6 | 6226.2 | 5615.4 | 10376.6 | 3030.1 | 3203.9 | 6354.5 6479.2
6475.3 | 6639.4 | 5488.5 | 5623.1 | 6428.5 | 6788.1 | 7979.2 | 8347.7 | 7291.9 7839.5
4418.8 | 4433.9 | 4524.6 | 4782.2 | 4309.4 | 4793.6 | 3616.2 | 3780.4 | 3552.9 3642.3
4554.8 | 4725.3 | 4061.2 118.4 | 6658.9 | 41815 | 36125 | 38252 | 8561.0 9331.7
5052.4 | 5048.5 75.7 | 4748.1 | 7485.8 | 49495 | 9299.0 | 9548.3 | 9233.9 9446.0
3750.5 | 3694.5 | 3452.4 | 3582.7 | 3341.0 | 3367.0 | 5189.8 | 3207.6 | 2676.6 24457
4725.3 | 2812.6 | 2941.5 | 3104.0 | 3590.1 3608.7 | 2518.9 | 2650.9 | 3044.9 3274.3
Standard Curve 2
R”=0.9995
s /

g * -

s e

o

Concentration (pg/ml)
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TPA plate 4

STe0 | ST60 | ER80 | ER80 | MS67 | MS67 | SW32 | SW32 | RL64 | RL64
B B B B R R B B R R
STe0 | STe0 | JE82 | JE82 | MS67 | MS67 | AD69 | AD69 | SS66 | SS66
R R L L L L B B L L
STe0 | ST60 | MO63 | MO63 | JH81 | JH81 | AD69 | AD69 | SS66 | SS66
L L B B B B L L R R
ER80 | ER80 | MO63 | MO63 | JH81 | JH81 | AD69 | AD69 | DS65 | DS65
L L R R R R R R B B
ER80 | ER80 | MO63 | MO63 | JB68 | JB68 | SW32 | SW32 | DS65 | DS65
R R L L B B R R R R
MH62 | MH62 | JE82 | JE82 | JB68 | JB68 | SW32 | SW32 | DS65 | DS65
B B R R R R L L L L
MH62 | MH62 | JE82 | JE82 | JB68 | JB68 | RL64 | RL64 | SS66 | SS66
R R B B L L B B B B
MH62 | MH62 | MS67 | MS67 | JH81 | JH81 RL64 | RL64 | CM16 | CM16
L L B B L L L L R R

1 2 3 5 6 7 8 9 10
3898.2 | 3824.2 | 2351.4 | 32149 | 1683.8 | 1745.7 | 2634.7 | 2909.2 | 3605.8 | 4192.1
4070.3 | 4399.1 3753.5 | 3807.3 | 1569.7 | 1644.6 | 3438.4 | 3425.1 3055.2 | 3498.7
3348.3 | 2935.7 | 3646.1 | 3804.0 | 3962.3 | 3773.7 | 2965.6 | 3334.9 | 2866.1 | 3408.4
2170.8 | 2124.9 | 3028.6 | 2760.2 | 4750.3 | 4491.0 | 3012.0 | 3525.4 | 3649.4 | 40771
2886.0 | 2082.3 | 1654.4 | 2661.1 | 4726.4 | 48222 | 32649 | 3115.0 | 3274.9 | 3874.7
1762.0 | 1540.4 | 3807.3 | 4511.4 | 4097.4 | 45523 | 2572.0 | 2595.1 3518.7 | 37871
1540.4 | 1641.4 | 3888.1 | 4443.3 | 3736.7 | 4073.7 | 3952.2 | 4897.6 | 3298.2 | 3972.4
1325.8 | 1452.6 | 1889.3 | 1722.9 | 4610.3 | 4743.5 | 3465.2 | 4266.7 | 4641.0 | 5010.9

Standard Curve RZ =0.9998
35
3 s

E o5

g .

g

< s (././

0 : o o " o - oo
Concentration (pg/ml)

TPA plate 5
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MP70 | MP70 | WS71 | WS71 | JP72 | JP72 | CM73 | CM73 | RM74 | RM74
B B B B B B B B B B
MP70 | MP70 | WS71 | WS71 | JP72 | JP72 | CM73 | CM73 | RM74 | RM74
R R R R L L R R L L
MP70 | MP70 | WS71 | WS71 | JP72 | JP72 | CM73 | CM73 | RM74 | RM74
L L L L R R L L R R
DM52 | DM52 | MA53 | MA53 | JAS5 | JA55 | RM57 | RM57 | JE58 | JE58
B B R R L L B B L L
DM52 | DM52 | PG4 PG4 JA55 | JA55 | RM57 | RM57 | GB GB
R R R R R R R R 59B 59B
DM52 | DM52 | PG4 PG4 TW56 | TW56 | RM57 | RM57 | GB59 | GB59
L L B B B B L L L L
MA53 | MA53 | PG4 PG4 TW56 | TW56 | JES8 | JE58 | GB59 | GB59
B B L L L L B B R R
MA53 | MA53 | JAS5 | JAS5 | TW56 | TW56 | JES8 | JE58
L L B B R R R R

1 2 3 4 5 6 7 8 9 10
1591.6 | 1227.5 | 31879 | 3208.1 | 3572.0 3728.7 | 4427.78 | 3931.1 5400.3 | 4691.9
1119.0 | 1356.0 | 3006.0 | 3425.4 | 2965.6 3395.1 4062.7 | 4265.4 | 4783.4 | 46105
1422.7 | 1278.9 | 2586.6 | 3364.7 | 2975.7 3597.2 | 42452 | 4366.9 | 4992.1 5170.5
822.5 785.8 | 2530.9 | 2657.3 | 4448.1 4488.7 | 63449 | 62779 | 3647.8 | 3971.6
775.3 911.3 | 2899.9 | 2960.6 | 4727.5 4630.9 96775 | 61285 | 47224 | 5303.3
895.7 | 1005.0 | 3076.8 | 3122.2 | <0.0 4752.9 5308.4 | 5702.3 | 4138.7 | 4351.6
2627.0 | 2647.2 | 2581.5 | 2990.9 | 2829.2 2697.8 3845.1 | 4336.4 | 4108.3 | 4148.9
2768.5 | 29151 | 5221.6 | 5282.8 | 2687.7 2505.6 | 4214.7 | 3915.9 | <0.0 <0.0

Standard Curve

/L/ R’ =0.9998
£ ’ L~
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TPA plate 6

CW3L | CW3 | PC2 PC2 MS5 MS5 PH79 | PH79 | SB75 | SB75
L R R L L B B L L
CW3R | CW3 | PC2 PC2 MS5 MS5 PH79 | PH79 | SB75 | SB75
R B B B B R R R R
CW3B | CW3 | PC2 PC2 MS5 MS5 PH79 | PH79 | SB75 | SB75
B L L R R L L B B
JG7B | JG7 | MP10 | MP10 | CF6 CFé KB78 | KB78 | MS76 | MS76
B B B B B B B B B
JG7 L JG7 | MP10 | MP10 | CF6 CFé KB78 | KB78 | MS76 | MS76
L L L R R R R R R
JG7R | JG7 | MP10 | MP10 | CF6 CF6L | KB78 | KB78 | MS76 | MS76
R R R L L L L L
GO0B | GO0 | GO9 | GO9 RP8 RP8 DH77 | DH77 | DH77 | DH77
B L L B B B B L L
GO9R | GO9 | RP8 RP8 RP8 RP8 DH77 | DH77
R L L R R R R
1 2 3 4 5 6 7 8 g 10
3415.8 | 3977.8 | 2446.0 | 2915.6 826.3 953.1 5303.7 | 60855 | 3841.4 | 5083.2
3092.1 2989.7 | 2938.4 | 3200.1 926.6 | 1025.0 | 5100.6 | 5807.2 | 4812.1 | 4800.6
3733.5 | 3977.8 | 2561.0 | 2909.9 7443 920.0 | 4840.9 | 4313.7 | 5222.3 | 5234.0
4468.0 | 44451 1701.6 | 1856.6 | 3699.5 | 4325.2 | 4046.0 | 6414.1 2405.6 | 44051
4194.0 | 4800.6 972.8 | 1587.2 | 3512.2 | 3926.6 | 5760.1 7076.3 | 3336.3 | 4023.3
4485.1 4789.1 1635.5 | 1850.7 | 3801.7 | 4268.1 5943.1 6837.6 | 3580.3 | 41655
4405.1 4789.1 4194.0 | 5054.3 | 1968.8 | 2295.7 | 4760.3 | 4766.1 4691.4 | 5490.3
38471 4490.8 | 2015.9 | 2237.7 | 1526.5 | 1725.6 | 3972.1 5013.9 | <0.0 <0.0
Standard Curve R% = 0.9994
E 2
5 —
g o
("
Concentration pg/ml
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TPA plate 7

KB78 | KB78 | PG4 PG4 WS71 | WS71 | EW47 | EW47 | ER80 | ER80
B B B B R R B B L L
KB78 | KB78 | PG4 PG4 WS71 | WS71 | EW47 | EW47 | MO63 | MO63
R R R R B B R R B B
KB78 | KB78 | PG4 PG4 WS71 | WS71 | EW47 | EW47 | MO63 | MO63
L L L L L L L L R R
TW56 | TW56 | JP17 | JP17 | BB46 | BB46 | DC49 | DC49 | ER80 | ER80
B B R R B B B B B B
TW56 | TW56 | JP17 | JP17 | BB46 | BB46 | DC49 | DC49 | MO63 | MO63
L L B B R R L L L L
TW56 | TW56 | JP17 | JP17 | BB46 | BB46 | DC49 | DC49 | ER80 | ER80
R R L L L L R R R R
ST60 | ST60 | AB1 AB1 AB1L | AB1L | JT36 | JT36 KW33 | KW33
L L B B B B R R
ST60 | ST60 | AB1 AB1 AB1 AB1 JT36 | JT36 | KW33 | KW33
R R R R R R R R L L
1 2 3 4 5 6 7 8 g 10
6415.9 | 6668.4 | 4115.1 | 4143.0 | 4157.0 | 4324.4 | <0.0 5948.9 | 2586.1 2684.4
7146.4 | 7263.7 | 3901.2 | 4003.5 | 4761.5 | 4659.2 | 5837.0 | 5953.6 | 4077.9 42453
7235.5 | 6954.1 | 4059.3 | 4017.5 | 4366.2 | 4515.0 | 4859.1 | 5347.7 | 3333.3 | 4687.1
3463.7 | 3626.7 | 4008.2 | 4170.9 | 5375.7 | 5487.4 | 63785 | 77103 | 3114.2 2838.7
3566.2 | 3682.5 | 4119.8 | 4031.4 | 8002.4 | 5222.1 | 3943.1 4384.8 | 3952.4 4152.3
4589.4 | 4240.7 | 3608.1 | 4129.1 4826.6 | 4915.0 | 4687.1 5063.8 | 2407.9 3174.8
3589.5 | 3780.3 | 2431.4 | 2558.0 | 2684.4 | 2759.3 | 8361.3 | 8754.2 | 1399.9 1347.2
4166.3 | 43151 | 2210.6 | 2276.4 | 7390.5 | 7531.5 | 75174 | 75409 | 1719.2 1785.6
Standard Curve R? = 0.9999
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VEGF plate 1

GK26 GK26 | AH24 | AH24 | BC27 | BC27 | DD21 | DD21 | CM16 | CM16
B B B B B B B B B B
GK26 GK26 | AH24 | AH24 | BC27 | BC27 | DD21 | DD21 | CM16 | CM16
R R B B R R L L R R
GK26 GK26 | MP23 | MP23 | BC27 | BC27 | PA29 | PA29 | ST31 | ST31
L L B B L L R R B B
BC25 BC25 | MP23 | MP23 | PH28 | PH28 | DD21 | DD21 | ST31 | ST31
B B R R L L R R R R
BC25 BC25 | MP23 | MP23 | PH28 | PH28 | MH20 | MH20 | ST31 | ST31
R R L L B B L L L L
BC25L | BC25 | MG22 | MG22 | PH28 | PH28 | MH20 | MH20 | CE38 | CE38

L L L R R R R B B
AH24 L | AH24 | MG22 | MG22 | PA29 | PA29 | MH20 | MH20 | CE38 | CE38

L R R L L B B R R
AH24 AH24 | MG22 | MG22 | PA29 | PA29 | CM16 | CM16 | CE38 | CE38
R R B B B B L L L L
1 2 3 4 5 6 7 8 9 10
864.8 | 903.3 | 564.3 | 561.2 | 1379.5 | 1453.4 | 10959 | 11745 | 1102.1 985.0
901.8 | 926.4 | 482.6 | 539.6 | 1200.7 | 12485 | 1222.3 | 1268.5 | 1071.3 | 963.4
911.0 | 918.7 | 6429 | 7276 | 1447.3 | 1532.0 | 450.2 524.2 396.3 | 436.4
453.3 | 4919 | 673.7 | 6475 | 658.3 749.2 | 12254 | 1236.2 391.7 | 4225
97.4 | 100.4 | 602.8 | 639.8 | 675.2 703.0 | 134.3 146.7 362.4 | 387.1
421.0 | 453.3 | 407.1 | 431.8 | 641.3 695.3 | 1314 132.8 | 1203.8 | 1319.4
436.4 | 4579 | 189.8 | 208.3 | 417.9 4595 | 165.2 192.9 | 12747 | 1276.2
658.3 | 723.0 | 467.2 | 484.1 430.2 457.9 | 558.1 604.3 887.9 | 1008.1

Standard Curve

R?=0.9997
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VEGF plate 2

GB14 | GB14 | RW12 | RW12 | PW39 | PW39 | PW39 | PW39 | MG15 | MG15
B B L L B B L L L L
GB14 GB14 | RW12 | RW12 JT36 | JT36 PW39 PW39 | MG15 MG15
L L R R B B R R R R
GB14 GB14 | NW37 | NW37 JT36 | JT36 | CC30 CC30 | MG15 MG15
R R B B R R B B B B
RC11 RC11 | NW37 | NW37 JT36 | JT36 | CC30 CC30 | SA13R | SA13 R
B B R R L L R R
RC11 RC11 | NW37 | NW37 | KW33 | KW33 | CC30L | CC30 | SA13L | SA13L
R R L L B B L
RC11 RC11 | CJ19 | CJ19B | KW33 | KW33 | JP17B | JP17 | SA13B | SA13B
L L B R R B
NB18 | NB18 | CJ19 | CJ19L | KW33 | KW33 | JP17 R | JP17
B B L L L R
NB18 NB18 | CJ19 | CJ19R | RW12 | RW12 | JP17L | JP17
R R R B B L
1 2 3 4 5 6 7 8 9 10
1247.8 | 1328.9 | 838.6 | 923.1 878.3 996.0 | 934.7 977.7 316.8 333.3
1208.0 | 1386.9 | 861.8 | 918.1 | 4526 | 515.6 | 1042.3 | 947.9 330.0 321.7
1232.8 | 1294.1 | 517.2 | 573.5 | 896.6 | 946.3 | 243.9 | 265.4 326.7 378.1
437.7 | 452.6 | 532.1 | 568.6 | 475.8 | 523.8 | 210.7 | 220.7 | 1045.7 | 1009.2
176.0 | 1859 | 561.9 | 595.1 | 1357.1 | 1449.9 | 229.0 | 224.0 | 1249.4 | 14151
369.8 | 4128 | 396.3 | 427.8 | 2323 | 2555 | 1014.2 | 1088.7 | 1252.7 | 13422
605.0 | 656.4 | 399.6 | 437.7 | 1199.7 | 1325.6 | 972.3 | 987.7 2.0 15.3
600.0 | 674.6 | 131.2 | 142.8 | 817.0 | 938.0 | 1042.3 | 11185 15.3 10.3
Standard Curve
P 2
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VEGF plate 3

PS41 | PS41 | PS41 | PS41 | PS41 | PS41 JQ34 | JQ34 | JQ34 | JQ34
B B R R L L R R L L
KS42 | KS42 | KS42 | KS42 | KS42 | KS42 JQ34 | JQ34 | CD35 | CD35
B B R R L L B B L L
MM44 | MM44 | MM44 | MM44 | MM44 | MM44 | CD35 | CD35 | CD35 | CD35
B B L L R R R R B B
SM45 | SM45 | SM45 | SM45 | SM45 | SM45 | CE50 | CE50 | CE50 | CE50
B B L L R R L L R R
BB46 | BB46 | BB46 | BB46 | BB46 | BB46 CE50 | CE50 | CT51 | CT51
B B L L R R B B B B
EW47 | EW47 | EW47 | EW47 | EW47 | EW47 | CT51 | CT51 | CT51 | CT51
B B R R L L L L R R
BD48 | BD48 | BD48 | BD48 | BD48 | BD48 MM40 | MM40 | MM40 | MM40
B B L L R R B B R R
DC49 | DC49 | DC49 | DC49 | DC49 | DC49 | MM40 | MM40 | MG22 | MG22
B B L L R R L L L L
1 2 3 4 5 6 7 8 9 10
308.2 2939 | 430.5 482.6 325.6 308.2 362.3 347.0 370.4 373.5
282.6 2816 | 291.8 307.2 283.6 264.1 422.4 427.5 | 1868.8 2021.8
977.2 998.6 | 913.8 949.2 973.8 | 1159.7 | 1913.7 | 1956.2 | 2042.9 | >2100.0
927.0 908.2 | 914.9 963.8 844.7 923.7 | 475.4 518.4 | 454.0 472.4
853.4 | 1000.8 | 958.2 959.3 912.7 913.8 | 434.6 4724 | 7129 693.9
1039.3 | 1124.6 | 1149.1 | 1166.7 | 1135.1 | 1123.4 | 618.6 669.8 608.2 633.2
460.1 485.6 | 442.8 462.1 534.9 441.7 | 382.6 446.8 368.4 414.2
760.7 818.7 766.1 761.8 604.0 785.4 | 347.0 321.5 366.4 386.7
Standard Curve
R?=0.9997
£
_
<
S y
“é L~
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Concentration (pg/ml)
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VEGF plate 4

ST60 | STe0 | ER80 | ER80 | MS67 | MS67 | SW32 | SW32 | RL64 | RL64
B B B B R R B B R R
STe0 | STe0 | JE82 | JE82 | MS67 | MS67 | AD69 | AD69 | SS66 | SS66
R R L L L L B B L L
ST60 | STe0 | MO63 | MO63 | JH81 | JH81 | AD69 | AD69 | SS66 | SS66
L L B B B B L L R R
ER80 | ER80 | MO63 | MO63 | JH81 | JH81 | AD69 | AD69 | DS65 | DS65
L L R R R R R R B B
ER80 | ER80 | MO63 | MO63 | JB68 | JB68 | SW32 | SW32 | DS65 | DS65
R R L L B B R R R R
MH62 | MH62 | JE82 | JE82 | JB68 | JB68 | SW32 | SW32 | DS65 | DS65
B B R R R R L L L L
MH62 | MH62 | JE82 | JE82 | JB68 | JB68 | RL64 | RL64 | SS66 | SS66
R R B B L L B B B B
MH62 | MH62 | MS67 | MS67 | JH81 | JH81 | RL64 | RL64 | CM16 | CM16
L L B B L L L L R R
1 2 3 4 5 6 7 8 9 10
1966.4 | >2100.0 | 405.4 | 433.4 757.2 | 702.8 1106.2 | 1137.0 531.6 518.0
>2100.0 | >2100.0 | 261.8 | 267.3 762.0 | 758.4 984.9 | 1023.7 454.7 488.5
>2100.0 | >2100.0 | 262.9 | 269.5 323.4 | 3234 1006.1 1124.2 475.0 508.9
184.2 209.3 | 249.8 | 260.7 498.7 | 488.5 1031.3 | 1124.2 823.0 7751
409.9 4491 | 226.8 | 230.1 423.3 | 426.7 1249.3 | 1301.1 867.9 877.6
344.4 388.7 | 436.7 | 460.3 409.9 | 379.8 1129.3 | 1137.0 782.2 814.6
334.0 388.7 | 396.5 | 420.0 411.0 | 416.6 481.7 5111 486.2 513.4
351.0 361.0 | 865.4 | 784.6 306.9 | 333.3 484.0 531.6 | 1066.7 1155.1
2 Standard Curve R? = 1.0000
: > 2
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VEGF plate 5

MP70 | MP70 | WS71 | WS71 | JP72 | JP72 | CM73 | CM73 | RM74 | RM74
B B B B B B B B B B
MP70 | MP70 | WS71 | WS71 | JP72 | JP72 | CM73 | CM73 | RM74 | RM74
R R R R L L R R L L
MP70 | MP70 | WS71 | WS71 | JP72 | JP72 | CM73 | CM73 | RM74 | RM74
L L L L R R L L R R
DM52 | DM52 | MA53 | MA53 | JAS5 | JA55 | RM57 | RM57 | JE58 | JE58
B B R R L L B B L L
DM52 | DM52 | PG4 PG4 JA55 | JA55 | RM57 | RM57 | GB GB
R R R R R R R R 59B 59B
DM52 | DM52 | PG4 PG4 TW56 | TW56 | RM57 | RM57 | GB59 | GB59
L L B B B B L L L L
MA53 | MA53 | PG4 PG4 TW56 | TW56 | JES8 | JE58 | GB59 | GB59
B B L L L L B B R R
MA53 | MA53 | JAS5 | JAS5 | TW56 | TW56 | JES8 | JE58
L L B B R R R R
1 2 3 4 5 6 7 8 9 10
432.3 465.8 871.7 958.6 702.7 787.3 317.4 314.9 913.6 971.3
493.0 562.4 934.7 1028.2 790.0 989.8 220.6 248.4 578.2 648.8
521.7 566.3 1061.1 1031.0 735.3 859.1 255.7 298.8 922.0 1008.2
349.9 380.1 | >2100.0 | >2100.0 | 1217.7 | 12221 1415.2 | 1604.1 512.5 529.5
349.9 368.8 | >2100.0 | ??7?7? 1217.7 | 1307.6 | 1655.1 1607.2 324.8 415.7
331.1 368.8 | >2100.0 | ??77?7? 392.8 420.8 | 15259 | 1723.6 339.8 525.6
>2100.0 | >2100.0 | ????7? 2?2797 450.3 406.8 4749 491.7 343.6 354.9
>2100.0 | >2100.0 8954 887.0 | 395.3 458.1 1163.6 533.5 | <0.0 <0.0
Standard Curve )
. R =0.9989
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Concentration (pg/ml)
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VEGF plate 6

CW3 | CwW3 PC2 PC2 R MS5 MS5 PH79 | PH79 | SB75 | SB75
L L R L L B B L L
CW3 | CW3 | PC2 PC2B MS5 MS5 PH79 | PH79 | SB75 | SB75
R R B B B R R R R
CW3 | CwW3 PC2 PC2 L MS5 MS5 PH79 | PH79 | SB75 | SB75
B B L R R L L B B
JG7 JG7 MP10 | MP10 CFé CFé KB78 | KB78 | MS76 | MS76
B B B B B B B B B B
JG7 JG7L | MP10 | MP10OL | CF6 CFé KB78 | KB78 | MS76 | MS76
L L R R R R R R
JG7 JG7 MP10 | MP10 CF6L | CF6L | KB78 | KB78 | MS76 | MS76
R R R R L L L L
GO0 | GO0 GO9 GO9 L RP8 RP8 DH77 | DH77 | DH77 | DH77
B B L B B B B L L
GO9 | GO9 RP8 RP8 L RP8 RP8 DH77 | DH77
R R L R R R R
1 2 3 4 5 6 7 8 9 10
133.4 142.5 299.7 | 319.1 | 3779 | 387.3 | 308.9 | 364.5 404.9 449.8
115.3 130.4 550.1 | 586.4 | 412.2 | 482.4 | 321.2 | 369.6 486.6 538.4
163.6 180.7 436.2 | 486.6 | 319.1 | 3449 | 296.6 | 308.9 467.6 560.8
503.5 544.8 5629 | 617.6 | 4446 | 487.6 | 399.7 | 451.9 2121 201.0
409.1 431.0 559.7 | 605.7 | 4855 | 519.3 | 277.2 | 507.7 201.0 256.8
510.9 515.1 581.1 | 617.6 | 470.8 | 495.0 | 435.2 | 501.3 219.2 216.1
497 1 481.3 458.2 | 501.3 | 262.9 | 273.1 | 621.9 | 667.3 696.7 715.3
243.5 264.9 260.8 | 275.1 97.2 | 129.4 | 603.6 | 656.4 | <0.0 4.3
Standard Curve
R* = 1.0000
e
: —
Concentration (pg/ml)

385



VEGF plate 7

PG4 PG4 ST60 | ST60 | CE38 | CE38 | ER80 | ER80 | RP8 RP8

B B R R L L L L R R

PG4 PG4 MA53 | MA53 | JT36 | JT36 | CJ19 | CJ19

R R R R R R R R

PG4 PG4 MA53 | MA53 | KW33 | KW33 | RC11 | RC11

L L B B R R R R

CD35 | CD35 | MA53 | MA53 | RM74 | RM74 | BC25 | BC25

L L L L L L B B

CD35 | CD35 | AB1L | AB1L | KB78 | KB78 | BC25 | BC25

R R R R R R

CD35 | CD35 | AB1 AB1 JP72 | JP72 | BC25 | BC25

B B R R B B L L

ST60 | ST60 | AB1 AB1 JP72 | JP72 | GO9 GO9

L L B B L L R R

ST60 | STe0 | JE82 | JE82 | JP72 | JP72 | GB59 | GB59

B B L L R R L L

1 2 3 4 6 7 8 9 10

1278.7 | 1562.4 | 1987.2 | 2356.2 | 817.8 861.0 2456 | 289.0 119.1 111.3

1464.3 | 1937.6 | 1907.8 | 2036.9 | 781.4 854.3 96.8 | 101.7 | <0.0 <0.0

1690.4 | 1798.9 | 2136.4 | 2166.3 | 159.2 175.9 115.2 | 139.6 | <0.0 <0.0

1858.3 | 1997.1 | 2146.4 | 2146.4 | 493.4 547.2 3799 | 4141 | <0.0 <0.0

1967.3 | 2096.6 | 784.7 801.2 | 477.6 557.8 86.3 97.8 | <0.0 <0.0

1591.9 | 2076.7 | 659.5 736.5 | 543.0 587.6 292.0 | 308.3 | <0.0 <0.0

1858.3 | 19574 | 634.7 690.9 | 577.0 630.5 2446 | 272.8 | <0.0 <0.0

1631.3 | 2076.7 139.6 167.1 | 548.3 583.4 253.7 | 279.9 | <0.0 <0.0
Standard Curve R2 = 1.0000
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