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Abstract

There are a number of different techniques useticignose vascular insufficiency
ranging from expensive hospital based equipmelgsto expensive devices used in
primary care centres. Currently, some of thesea#gsvare unsuitable for use on
patients with diabetes or DVI and have poor sensitfor detecting moderate PAD
patients. Additionally, some of the tests, partelyl for DVI, require tourniquets or
the patient to perform postural changes which sorag find difficult. This may
extend testing time. The study investigated 2 gsaffpatients, one with PAD and
the other with DVI. The arterial group consistediéfcontrols and 57 patients. PPG
probes were placed on the index finger and greatlibe venous group consisted of
24 controls and 25 patients and PPG probes weceglaehind the knee and 10 cm
above the medial malleolus. Duplex ultrasound veesias the gold standard to
assess the arteries and veins in the lower limhs.alm was to investigate whether
signals acquired from patients at rest using Phetiogsmography (PPG) could be
used as a screening tool. Pulse wave transit HHW&T(T) and shape analysis
techniques were used on the pulses from the patwetit PAD, while time base and
spectral analysis techniques were used on the wamsfof patients with DVI. PWTT
and shape analysis techniques achieved senskgiwitid specificities of 82% and 84%
respectively. Accuracy dropped to 70% for detecpatgents with moderate PAD.
Spectral analysis techniques gave the best rdsultietecting patients with DVI
achieving sensitivities and specificities of 69%l &% respectively. In conclusion,
reducing the signal acquisition time on patienthwAD did not significantly reduce
the sensitivity and specificity. Without any patiemovement it was difficult to

separate patients with DVI from healthy normals.
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1 Introduction and Background:

Peripheral vascular disease does not have a preeaeing, but in general refers to
diseases that affect the arterial, venous and latipkystems of the lower limbs

(Fowkes, 2004).

Vascular disease can be a very debilitating comitWith peripheral arterial disease
(Meissner et al.) as arteries narrow, the bloogui the lower limbs becomes
compromised and patients can experience pain ckingalcalled intermittent
claudication (IC) (Meissner et al., 2007). Progi@s®f the disease can lead to critical
limb ischaemia and possible amputation (Ouriel,120Chronic venous insufficiency
(CVI) affects the superficial venous system (S\MB¢, deep venous system (DVS) or
both. CVI can be caused by primary abnormalitiethefvein walls and valves or
secondary changes due to a previous venous thrasnboss can obstruct venous
outflow from the lower limbs or damage the valveading to reflux and subsequent
failure to correctly return blood back to the he@ver time, this may result in a
variety of symptoms such as tired legs, oedemarambre advanced cases leg ulcers

that are uncomfortable or distressing for the patfilicolaides, 2000).

Intermittent claudication affects 5% of those betw&5 to 75 years, with the
incidence of critical limb ischaemia estimated @-8.000 per million population per
year (Fowkes, 2004). Peripheral vascular diseaaeonsiderable burden on the
health care system with significant cost implicaioThe population most at risk

from this disease are people of advanced age (shG®mokers and diabetics. Other



risk factors for PAD include hypertension, hypadgmia, male sex, prior myocardial
infarction and history of stroke (Ouriel, 2001)aGtlicants have a two to three fold
increase in mortality compared with non-claudicantainly due to associated
coronary heart disease. Fifty percent of amputéenta from PAD die within 5 years

(Fowkes, 2004).

Venous disease also has a high economic impactsyéhding of between 1% and
2% of the European health budget. In the UniteteStaf America between 1.9 and
2.5 billion dollars per year are devoted to vendisease (Callejas and Manasanch,

2004).

An early diagnosis of PAD and CVI would be advaetags as the earlier they are
diagnosed the quicker treatment can begin, alge ika strong link of PAD and
future cardiovascular events such as myocardiatatibn or stroke (Dachun et al.,

2010).

Current hospital based techniques used to assesatpdor PAD and CVI include
angiography and colour duplex imaging (CDI). Howetheese imaging methods are
relatively expensive and require a skilled opertaqverform and interpret the
images. Other less expensive technologies usesstsa patients with PAD and CVI
such as plethysmography and laser Doppler, pratielelinician with less
information as to the nature and extent of theasisecompared to CDI, but they

require less user training and are a fraction efcbst.



Primary care uses less expensive hand held Dofgalenology to assess patients for
PAD, but this is unsuitable for diabetics and hasrsensitivity when identifying
patients with moderate lower limb disease (Steil.e2006)Plethysmographic
techniques used to assess patients with CVI regueematic cuffs or tourniquets
fitted to the lower limbs which can be time consagqiill fitting and an infection
control risk. Other methods require patients tdgrer certain manoeuvres which
some may find difficult to execute due to their piogpl condition or age. Therefore
these methods are only used in specialist vastabaratories and not in primary care

setting.

A General Practitioner, (GP) at present will takkaraily history and perform a
clinical examination as the first step of diagngsanpatient’s condition. If the clinical
signs and symptoms are clearly vascular in natbes the primary care clinician can
send the patient to hospital or a specialist vasatlinic for further investigation as to
the nature, extent and severity of the diseaseayeher, if the clinical signs and
symptoms are ambiguous, then the clinician mayausen-invasive technique, such
as a hand-held Doppler device to supplement tihcaliexamination and thereby
provide additional evidence as to the nature andeaf the patient’s condition.
However at present, these non-invasive techniqae®e cumbersome and time

consuming.

If these existing non-invasive technologies cowddibed to assess for vascular
disease without the need for cuffs or patient mamtnand give a simple yes or no

diagnosis for the presence of vascular disease tthe would be an advantage over



current screening methods. This might potentiabjuce the number of patients sent

for further investigation for suspected vasculauificiency

The aims of this thesis are to:
» Identify a technology that could be used to scfeerascular disease in

primary care that requires minimal user training arelatively cheap.

* Investigate a technique using that technologyratiires minimal time

minimal patient intervention and minimal patierfoet.



2 Anatomy and Physiology of the Circulatory

System:

2.1 Arteries

The heart is the organ responsible for pumpingdloahe major parts of the body,
such as the head, arms and lower limbs. Blood piats oxygen to the tissues of the
body, it leaves the left ventricle of the heart amtiers the aorta, the largest artery in
the body. The aorta has two principal branches ghathe ascending and descending
aorta, and it the latter that provides the lowet pathe body with blood. Branches of
the aorta progressively become smaller as thegltdistally, becoming arterioles and
eventually capillaries, where the transfer of oxygeo the tissue takes place. Arterial

anatomy is described in more detail below

211 Anatomy

In more detail, the aorta is split into four magtsons: ascending aorta, aortic arch,
thoracic aorta and the abdominal aorta. The abdalrairta continues to th&'4
lumbar vertebra where the vessel bifurcates irkaccthmmon iliac arteries (Bernardi
et al.). These two vessels feed the lower limbssptitl further into the internal iliac
artery (11A) and external iliac artery (EIA). Theternal iliac supplies the bladder,
rectum and reproductive organs, while the extesopplies the lower pelvis and leg.
At groin level the external iliac becomes the comrfemoral artery (CFA), which
then bifurcates into the superficial femoral arté3¥#A) and the profunda femoris

artery (PFA). The PFA feeds the thigh, while theA&Bntinues distally, gradually



becoming deeper until it reaches the distal adduetgion, just above the knee. The
SFA then joins the popliteal artery at knee leVéle popliteal artery trifurcates into
three principal tibial arteries: Anterior tibialtery (ATA), which feeds the front of the
lower leg, Posterior tibial artery (PTA), which @=ethe back of the lower leg and the
peroneal artery, which feeds the medial lower fegthe ATA travels onto the trough

it becomes the dorsalis pedis artery (DP) (Scariléfy).

2.1.2 Structure and Function:

Investigations have revealed that arteries arsingble passive conduits that only
transport blood to different parts of the body, &g intricate adaptive vessels that

can change their diameter in response to acutenalter external stresses. They are
also affected in the long term by chronic condisi@ach as hypertension, obesity and
cigarette smoking. Arteries age by becoming dilated stiffer, due to the cyclical
change in diameter from the 2 billion heart beatseerage in a person’s lifetime.
Arteries have several layers to be able to witltstarse different states, and these are

described in more detail below (Rutherford, 1995).

When we see an artery in cross section it has thst@ct layers: tunica intima,
tunica media and the tunica externa (adventitiag fUnica intima is the inner most
layer, which extends from the luminal surface ® ititernal elastic lamina. It consists
of endothelial cells that are extremely smooth,clthelps to prevent blood clotting.
The middle layer, the tunica media is composedradcth muscle and elastic
connective tissue. Both of these help in the maartee of normal blood pressure,

particularly diastolic blood pressure when the hesarelaxed. The outermost layer,



the tunica externa consists of fibrous connecissie. This needs to be strong to
prevent the artery rupturing at high pressuresnduttie systolic phase of the heart
beat (Scanlon, 1997). Arterioles have a smalleeluciameter and practically no
outer coating of elastic fibres. They consist mostlendothelial cells and smooth
muscle fibres, which allows them to produce moteszadension by dilation or
contraction. This has the affect of changing thedn diameter of the vessel and so

controlling the amount if blood entering the vaseclded (Burton, 1965).

Depending on their function within the body, arsrcan be subdivided into two main
groups: elastic or muscular. The large centraliagen the body such as the aorta and
its immediate proximal branches are called elasteries because there is a greater
extent of thick and closely packed elastic fibteamt smooth muscle cells within the
tunica media. This allows for greater compliance getoil of the vessel wall during
pulse propagation after a cardiac beat. Distahéddrge elastic central arteries are the
muscular arteries (Femoral, brachial and radiaadled because they contain
relatively less collagen and elastin and more simauiscle cells, therefore enabling
them to change their diameters quickly by constricor dilating. This allows them to
adapt to any acute haemodynamic changes occurithtnwhe body (Rutherford,

1995).

2.1.3 Disease

Arterial disease can be split into two main categgorthat which narrow the lumen of
the vessel and therefore obstruct the blood flowd, secondly, that which weaken the
walls of the vessel and cause it to dilate. Theagranial, abdominal aorta and

popliteal arteries are the common places wherdéahlaf the blood vessels can



occur. Localised dilation of a main artery suchiheesabdominal aorta, termed an
abdominal aortic aneurysm (AAA), can be life thezang if not operated on quickly,
after reaching a certain diameter. However, obstreicisease can affect many
arteries in the body including the carotid, corgreand many of the lower extremity
arteries. There is an increased risk of CardioMas@nd cerebrovascular events,
including death by myocardial infarction and strekieh this type of arterial disease.
Peripheral arterial disease is a term used to dhesabstructive arterial disease
external to the coronary and intracranial vessadstachnically includes the
extracranial carotid circulation, upper limb arésrand the mesenteric and renal
circulation. However this thesis will only focus ohstructive disease in the

abdominal aorta, the iliac vessels and the artefitise lower limbs (Ouriel, 2001).



2.2 Veins

The venous anatomy of the lower limbs in some retsge more complicated and
varied than its arterial counterpart. However,itbaur understanding the venous

system has been divided into a number of diffesebsystems: Deep, superficial,

communicating and perforator veins.

221 Anatomy of the lower Extremity Veins

The veins in the lower extremities can be categdraccording to the compartment in
which they travel. Two compartments are created thin layer of tissue, called the
fascia that travels the entire length of the ldge Superficial compartment consists of
the tissue between the skin and the fascia, andgbp compartment includes all

tissue between the fascia and the bone (Figure 1).
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A third major category consists of veins which cectrthe superficial and the deep
veins. These veins pierce the fascia which sepathgtwo compartments and are
therefore called perforating veins. Communicaties connect veins within the

same venous subsystems.

2211 Superficial and Perforator Veins

The Subpapillary and Reticular venous plexus aaedd by small superficial veins,
which form bigger tributaries that eventually alhmect into the saphenous veins.
From the ankle the Long Saphenous Vein (LSV) twetdially to the knee (Figure
2). Proximal to the knee the LSV ascends on tha@iahside of the thigh and enters
the fossa ovalis, where it ends at the confluefi¢beosuperficial inguinal veins

(saphenofemoral junction) joining the Common ferhwean (CFV).
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Figure 2 Superficial and perforating veins of the ¢g. Adapted from (Bergan, 2006).
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The Short Saphenous vein (SSV) lies lateral tcAittalles tendon in the distal calf. It
ascends posterior, firstly running in the subcubaisefat and then piercing the fascia
and eventually joining the deep popliteal vein agpnately 5cm proximal to the
knee crease. Perforating veins act as a condwieleet the deep and superficial
venous systems by crossing the muscular sapheaciastfiat separates them
(Meissner et al., 2007). There can be greater 10@mperforating veins (PVs) in the
lower extremities, however only a small numberhafse are clinically relevant. Of
particular importance are the medial calf perfartiind these have two groups:
posterior tibial and paratibial PVs. The postetibial PVs can be further divided into
Cockett I-Ill which connects the posterior accegd@®V to the PTVs. The paratibial

perforators drain the LSV into the posterior tibialns.

Superficial veins usually have their valves locaethe termination of major
tributaries. Some valves are robust, while othezszore delicate in their structure. In
the LSV there are approximately 6 valves, with mooated below than above the
knee. Common to most people, the LSV has a valsen2-distal to its confluence
with the SFV. Valves in the SSV are closer togethan in the LSV. Valves in
communicating branches between the SSV and thedr8¥rientated to direct blood

from the SSV to the LSV.

2.2.1.2 Deep Veins

On the dorsum of the trough the pedal vein drdiesdeep dorsal digital veins
through the dorsal metatarsal veins. The pedal s@iminues in the anterior tibial

veins.
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There are three pairs of deep veins in the catf) thieir associated arteries: the
peroneal, posterior and anterior tibial veins. Ehje# at just below knee level to
form the popliteal vein, which meets the short gmgus vein (SSV), a superficial
vein. The gastrocnemius and soleal veins drainwesmuses in the calf muscle and
also join the popliteal vein. Venous sinuses aosell related to deep veins and can
hold large amounts of blood which is pumped proXiynaith the contraction of the
calf muscles, by the action of walking. As the piall vein continues it passes into
the adductor canal where it becomes the superfembral vein (SFV, superficial
only in name, it is still classified as a deep yeirne popliteal and SFV are frequently
duplicated. The SFV travels proximally and joins tteep femoral also know as the
profunda vein and long saphenous veins (PFV and leSgectively) in the groin,
where it now becomes the common femoral vein (CP¥er passing under the
inguinal ligament it becomes the external iliacwétIV), which then joins with the
internal iliac vein (11V) to become the common digein (CIV), which joins with the
contralateral CIV in the inferior vena cava. Freufliethe femora-popliteal segment
communicates with the profunda vein through a laxgkateral, providing an

important alternative for venous drainage in cdsefemoral vein occlusion.

Similar to superficial veins, deep veins have ma@wes in the calf than in the thigh.
The tibial veins are densely packed with valvesantrast to the poplieal vein where
there are only one or two valves. There are trodé valves in the SFV, with one
located just distal to the junction of the profurv@gn. There is usually one valve in
the CFV. There are one to three valves all lochttdw the level of the fascia and
these ensure that venous blood is directed tovierdeep veins. Small PVs are

usually valveless (Bergan, 2006).

12



2.2.2 Circulation

The purpose of the heart is to pump arterial blwodifferent parts of the body,
ensuring that the organs and tissues receive tygeoxand nutrients they require in
exchange for carbon dioxide and waste productsied to be removed from the
tissue. Deoxygenated blood that leaves the cap#l@nd enters the venous system is

‘pumped’ back to the heart, by two mechanisms:

The calf muscle pump effectively pushes blood opfthe lower extremities by
compression of the muscles in the calf, which atated when walking. This action
decreases the pressure in the deep veins and dligher pressure venous blood in
the superficial system to flow into the deep vensystem via perforating veins;
whose valves are arranged to prevent blood flowengk into the superficial system.
While walking this cycle continues, reducing higlegsure which builds up in the calf

while at rest; which can reach pressures as muéb@smHg when standing.

Respiration, and the subsequent action of the dagp, causes the pressure within
the abdomen to increase and decrease which cotfiefow of venous blood back

to the heart. During inspiration the ribcage expacalsing the diaphragm to descend
into the abdominal cavity. This action decreasegtiessure within the thorax,
increases the pressure within the abdomen and gudasity there is an increase in
pressure gradient along the Inferior Vena Cava {l{Figure 3). Therefore any
venous blood in the abdominal IVC is encouraged bathe heart. At this time there
is minimal venous return from the lower limbs. Dwyiexpiration, minimal pressure
gradient along the IVC results in minimal flow hefowever, the recoil of the

diaphragm reduces the pressure in the abdomerharefdre the abdominal IVC

13



refills with venous blood from the lower limbs (Eirg 4). Therefore venous return to
the heart from the lower limbs exhibits a phasithigt is maximum during expiration

and minimum during inspiration (Oates, 2001).
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2.2.3 Venous Disease

Venous anatomy and physiology must be thoroughtietstood by the clinician if an
accurate diagnosis is to be made, therefore emgtirat the subsequent treatment and
therapy is appropriate and timely. Venous anatoomgists of two main networks, a
superficial and a deep venous network and thes@it@reonnected at certain points
by a system of perforating veins. Any one or a coaiion of these networks can fail,
termed venous insufficiency (VI), either primaritlpm vein wall weakening and

valve dysfunction, or from secondary pathologiaessea by a venous thrombosis,
which can lead to reflux, obstruction or both. Wiegther the superficial or the deep
venous system fails, leading to sustained venopsrgnsion, the resulting clinical

condition, known as chronic venous insufficiendyy/(), can have mild or more
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severe symptoms. These venous systems are desbalesdwith particular attention
being paid to CVI caused by a previous DVT andabsociated clinical signs and

symptoms known as the post-thrombotic syndrome YPTS

Primary varicose veins alone, which are the redulein wall weakness and valvular
dysfunction without significant skin changes, aog¢ sufficient for a diagnosis of CVI.
Primary varicose veins are more often the result@mpetent valves at the
junctions where the superficial veins join the deems, typically examples being the
sapheno-femoral junction (SFJ/I) or the saphendHgapjunction (SPJ/I). They are
generally visible and are more of a cosmetic proltleat can often be corrected by
surgery. A hand-held continuous wave Doppler uait be used in a GP surgery to
confirm the site of reflux, however, further ultoasd investigation is required if a
complete and thorough diagnosis is needed, as othry sites of potential reflux can

not be established with a hand-held device becddgseeins are too deep.

Chronic venous insufficiency is a broader term thablves structural and functional
abnormalities of the superficial venous system (BMShe deep venous system
(DVS) or both (Nguyen, 2005). The signs and symgtofiCVI are the result of
ambulatory venous hypertension. This is definethadailure to reduce venous
pressure with exercise. Normally a combinationadf muscle pump and vein valves
help to reduce the venous pressure in the loweemy veins, which can reach
venous pressures of 90 to 100mmHg when standinddBul965). When the valves
are functioning correctly, venous blood travelgalito proximal and from superficial
to deep veins. If the calf muscle pump fails eitthee to outflow obstruction from

chronic thrombus, or valve failure, the venous gues remains abnormally high. If

16



the valves in the deep veins are incompetent, lttadln the lower limbs pool and
there is no reduction in pressure. Prolonged abaltyrhigh venous pressure in the
lower extremities is termed chronic venous hypeitamand can result in a range of
pathological effects of the skin and subcutanemgsi¢. Sustained venous
hypertension can lead to the signs and symptor@d/af However in some cases the
perforator veins can act as conduits for the higisgure deep venous blood to escape
into the lower pressure superficial veins. In tase venous blood travels from the
deep to superficial veins, which is the reversedion of normal lower limb venous
blood flow. The superficial veins then act as dellals for the deep venous blood in
an attempt to lower the abnormal high venous pressuit in-doing so the superficial
veins become a higher pressure venous system. thiaseliperficial veins do not have
a muscular support, unlike the deep veins, thepinecvaricosed. When superficial

veins act as collaterals the progress of CVI cadddayed (Nicolaides, 2000).

Symptoms of CVI include, aching, heaviness, legdiiess, cramps, itching, sensation
of burning and swelling. Signs include telangieictand reticular veins (spider

veins), varicose veins, oedema. Additionally, tkie €an change in appearance, also
known as trophic changes, such as eczema, (erytbesndermatitis or reddening of
the skin), hyper-pigmentation, ( a brownish darkgrof the skin),
lipodermatasclerosis, (localised chronic inflammatand fibrosis of the skin), and

ulceration. The significance of trophic changea s8gn of more severe CVI.

Of particular importance to this study is the depehent of CVI due to a previous

acute DVT, known as the post-thrombotic syndromES)P? Approximately one third

of patients with a previous acute DVT will develBpS within 5 years (Bernardi and

17



Prandoni, 2000). However the precise incidencel@ Paries among published
studies between 20 and 100%; although in recedtestithe incidence has reduced to
approximately 30 to 60%, probably due to increatiagnostic accuracy (Bergan,
2006). The post-thrombotic syndrome can progress fnild signs and symptoms of
pain, slight swelling and cramp to severe casdipoflermatosclerosis, hyper-
pigmentation and in certain cases of recurrent DMderation. The incidence of
patients going on to develop ulcers is approxinyeidb 8%. This severe form can
occur in one quarter to one third of patients VATS and it is therefore costly to
society and is a cause of substantial patient rdiayhiKahn and Ginsberg, 2004). A
recent study however revealed that a quarter didithey tested with trophic changes
to the skin did not have functional venous diselsthe same study 26% of limbs
with oedema were normal functionally, with no vage veins or trophic changes
(Criqui et al., 2003). In most cases CVI is clitigapparent particularly with
associated varicose veins, however a number of dikeases have similar clinical
features such as cellulitis, periarteritis nodosptured Baker’s cyst, rheumatoid
arthritis, gout, arterio-venous malformation of ttadf muscles, limb pain and
swelling from adverse drug reactions and numerdsralermatological conditions.
Mixed arterial and venous pathologies, particularlthe elderly, can mask some
venous symptoms. Since approximately 30% of DVE&ssdent or asymptomatic,
further development of the PTS will not have anyiobs underlying source. In
addition, a DVT following trauma or surgery canthédden under the symptoms of

post-operative pain.

CVI and its associated signs and symptoms are sidenable and costly burden on

society, in western countries in particular duégdigh prevalence, cost of
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investigations and loss of working days. Varicosms are present in 25% to 33% of
females and 10% to 20% in male adults. The prografsienous leg ulcers is poor,
only 50% heal in 4 months, 20% remain open at 2syaad 8% remain open at 5
years. In the United Kingdom the annual cost ofousnulcers has been estimated to
be £400 to £600 million and greater than 1 bilkitmilars for the United States

(Nicolaides, 2000).

A history and clinical examination will often noitvg the full nature and extent of the
abnormality, therefore a number of diagnostic tépes have been developed to help

the clinician make a more informed diagnoses of.CVI

2.3 Microcirculation

The large and muscular arteries serve as vesdelg 8w the distribution of
oxygenated blood to the tissues. The major veingde take deoxygenated blood
back to the heart. Between these are the artericdgdlaries and venules which make
up the microcirculation. Here and particularly ve tcapillaries, oxygen and nutrients
are exchanged for carbon dioxide and other wast#ugts from the tissue. The

follow section describes the microcirculation innmdetail, explaining the anatomy

and then how it is controlled.

231 Anatomy of the Microcirculation

The diameter of arterioles range from 5-i0and they have three distinct layers; a
thick smooth muscle layer, a thin adventitial lagad an endothelial lining.

Arterioles feed directly into capillaries that hadiameters in the range of 51
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and are the smallest blood vessels in the bodyoime tissue metarterioles of
diameter 10-20m feed capillaries directly or they bypass the Itzy bed

completely, known as arterio-venous shunts (AV s$juaind directly feed the
venules. Because of their smooth muscle wall, iafésy, also known as resistance
vessels, are able to alter their diameter therebyralling the amount of blood
entering the capillaries. The amount of capillanesssue depends on its metabolic
activity. Cardiac and skeletal muscles have nunsecaypillaries but less active tissue,
such as subcutaneous tissue has fewer. Blood fiowgh capillaries may be random
or have a rhythmic flow caused by the contractiod @elaxation of the smooth
muscles of the precapillary vessels. A differemcthe intravascular pressure and the
extravascular pressure, known as the transmura$ypre can also cause the
precapillary vessels to alter their diameters dedefore control capillary blood flow.
Capillaries can alter their shape in response timicechemical stimuli, but this is a
passive response to changes in precapillary ocap#iary changes in resistance and
is not an active change that controls blood flow.I€ving the capillaries the blood
drains into the venules. These are generally |atgar the arterioles but they have
weaker vessel walls. These venules merge to forgedand larger veins and in doing

so conduct the deoxygenated blood back to the (®eanlon, 1997).

2.3.2 Control of the Microcirculation.

Control of blood flow through the microcirculatiean be split broadly into two main
control mechanisms; local control from conditionghe immediate area of the blood
vessels and central control via the nervous sysiémse will be explained in more

detail below.
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2321 Local Control

Changes in perfusion pressure or metabolic actofithe surrounding tissue elicit
autoregulatory mechanisms that maintain blood thgvaltering the tone of the
smooth vascular muscle and which in-turn contratal tperipheral resistance. These

mechanisms are:

1. Myogenic control of the diameter of the arterialesesponse to an increase in
perfusion pressure. An initial passive increaseessel diameter and therefore
increased blood flow is followed by a contractidritee vessel and a return to
previous blood flow levels.

2. Endothelial control is prompted from the rapid dtow through the vessel
which produces vasoactive factors that regulateréissel diameter.
Vasodilation is caused by nitric oxide which isseded from the endothelial
cells.

3. Increased metabolic activity or a reduction of axygn the surrounding tissue
produces vasodilatory substances that increase lilmo. Conversely, a
decrease in metabolic activity reduces the amolwvagodilatory substances
and increases peripheral resistance and therebhgeedblood flow. It is

unclear from current literature which substangerisiarily involved.

2.3.2.2 Extrinsic or Central Control

Alteration of tissue blood flow can be controlleglbcal mechanisms as mentioned
above or globally from nervous regulation by thaitbr Nervous regulation is
controlled by the autonomic nervous system angbéineof this that controls the

micro-circulation is called the sympathetic nerveystem. The parasympathetic
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nervous system regulates heart function but hide éiffect on the micro-circulation.

Nervous control of the micro-circulation is desexdhbelow.

Several regions in the brain, when activated, arilte cardiovascular activity. One of
these regions, called the vasomotor centre, camadoconstriction. Fibres connected
to this region travel down the spinal cord evenyuaining with the peripheral
sympathetic nerve fibres which innervate the astesiand venules and veins. The
micro-vessels that are not sympathetically corgtbire the capillaries, metarterioles
and the pre-capillary sphincters. During rest,tdme of the micro-vessels is altered
by stimulating or inhibiting the vasoconstrictoearof the brain. Stimulation causes
the vessels to constrict and therefore impede bilead while inhibition causes
vasodilation. Sympathetic activity is altered rhmtbally by altering the frequency of
impulses passing along the sympathetic nervegdimatvith the micro-circulation.
These rhythmic changes are evident as oscillatiopslse pressure at respiration
frequencies called Traube-Hering waves (0.15 teip)4nd also occur at even lower

frequencies called Meyer waves (Levy, 2005).

Under normal stimulating conditions the micro-véssee in a state of mild

contraction, which is called vasomotor tone (H2005).

When there is a need for rapid adjustment of bjoedsure, there are a number of
vascular reflexes that feedback impulses concerthiagphysiological activity of the
body to the vasomotor centre of the brain. Thegmilges travel along neural fibres
from baroreceptors, chemoreceptors, hypothalanausbeal cortex and the skin

(Levy, 2005).

22



Baroreceptors also know as stretch receptors céounel at specific points in the
walls of a number of major systemic vessels, faneple at the carotid sinus and the
aortic arch,. The receptors respond to increasbkod pressure, which stretch the
walls of the vessel and this has the affect oflaitimig the vasomotor centre. This
results in peripheral vasodilation and therefol@nering of blood pressure. When
arterial pressure falls, the inhibitory effect bétbaroreceptors is lost and blood
pressure rises. Because baroreceptors respondyrapahanges in blood pressure
they have limited effect controlling it over prolped periods of time. Baroreceptor
impulse frequency is set to a new basal rate ihtlean arterial pressure drifts higher

or lower than previous levels.

Chemoreceptors are located at the carotid sinusnathe region of the aortic arch.
They are specialised cells that respond to chaingaserial blood tension (Pa})

CO, tension (PaCg) and hydrogen ion excess (Pasternak et al., 2@80duction in
PaQ or an increase in PaGGtimulates the cells. The carotid and aortic b®die
respond by increasing the frequency of the nenilses to the vasomotor centre in
the brain. The result is an increase in tone oféisestance and capacitance vessels
and a subsequent increase in blood pressure. Cheeptors have a strong influence
over the vasomotor centre only when arterial blpazssure falls below 80mmHg. In

addition they play a far greater role in respirgtoontrol than in pressure control.

Core-body temperature is controlled within a narrange by the hypothalamus, the

thermostat of the body, which is located at theelzdghe brain. The temperature of

the blood perfusing through the pre-optic regiothef brain is considered the body’s
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ultimate core temperature and monitoring of thggare by the hypothalamus is
performed to regulate core body temperature. Howegeeptors in other parts of the
body also help regulate body temperature. The lngt@tus also receives
temperature sensory information from receptorfiengkin. Part of the hypothalamus
is responsible for skin-temperature regulatiorheflbody via sympathetic nerve
pathways that innervate the micro-vessels of tie Jkese receptors detect
peripheral temperature fluctuations, but becausestare more cold receptors than
warm receptors the skin is more sensitive to ae#ss in temperature. When the skin
detects these changes a number of reflexes tage fhlat increase body temperature,
one of those being peripheral vasoconstriction. elex, when the body becomes too

hot, vasodilation of the peripheral vessels takasgoto reduce body temperature.

Intrinsic and extrinsic control of peripheral vedss#o not occur in isolation but they
act together to form a comprehensive system ofulascegulation. Together they
supply blood to areas of the body that need itdinert blood away from areas that
do not. However different types of tissue will nekflerent proportions of each
control type. For the brain and heart to functibo@imal performance, they need a
constant blood supply and so this is largely isigally controlled; in the skin
however, extrinsic control is dominant as sympathetd hypothalamic activity
controls vasoconstriction of the cutaneous vesBisertheless, central control of the
resistance and capacitance vessels can be ovenrmdintrinsic mechanisms due to
local changes in skin temperature. In resting s&khauscle sympathetic control is
dominant, but with the onset of exercise, localtatpry mechanisms take over as the
demand for nutritive blood supply increases. Vastion occurs in vessels feeding

active muscles, while vasoconstriction occurs isse¢s supplying inactive muscle
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tissue. Initially, sympathetic constrictor impulsedi be sent to the active muscle
tissue in an attempt to bring blood flow within mad limits, but this will be

overridden by local metabolic control which willate the vessels (Scanlon, 1997).
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3 Vascular Diagnostic Methods

Before any invasive or non-invasive vascular ingagion is undertaken, the clinician
will carry out a clinical evaluation which will eait a patient history and a physical

examination.

The most common clinical presentation for peripharterial disease is intermittent
claudication. This is pain experienced in the vdlen walking and which is relieved
when the patient rests. If this is left untreategl ¢condition may progress to a point
where the patient experiences pain even when staiipcalled rest pain. This
condition can progress to ulceration and gangré€he.physical examination
encompasses palpation of the lower extremity putpaserally at the ankle, knee or
groin level. The pulses can be graded as normahdiag, weak or absent. Hair loss,
skin colour and trophic skin changes may also liechas potential signs of arterial

disease.

As with arterial insufficiency, a venous clinicaladuation starts with a patient history
and physical examination. A visual inspection weleal any skin changes such as
atrophy, healed ulcers, oedema and pigmentatiomgeisa Any visible vessels should
be categorised as telangiectasias, reticular, phtabias or varicose veins. Their
distribution should also be noted (Nguyen, 2005)jsTlinical assessment can form
part of a more comprehensive venous classificaystem called CEAP. This system
organises information into clinical, etiologic, amaic and pathophysiologic (CEAP)

categories. The venous assessment above, formsfplet clinical assessment in the
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CEAP classification; the anatomic and pathophysjiolal categories would be
assessed using duplex ultrasound at a speciafisula clinical. More details of the

CEAP classification system can be found in appeBdix

To help the clinician diagnose arterial or venmsifficiency, a number of different
technological methods have been developed. Mostasgital or specialist vascular

clinic based and can be separated broadly intarébeuof different categories:

X-ray Techniques
* Angiography

* Phlebography

Optical and Other Techniques
* Duplex Ultrasound (DU)
* Photoplethysmography (PPG)
» Impedance plethysmography (IPPG)
» Strain-gauge plethysmography (SGPPG)
* Air plethysmography (APPG)
» Laser Doppler (LD)
» Tissue Oxygen Saturation (SPO
» Transcutaneous pressurg/@O, Tension (tc-P@CO,)
» Ankle Brachial Pressure Index (ABPI)
* Ambulatory Venous Pressure (AVP)

» Segmental Pressures
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In general the invasive procedures give the clm@anatomical information, while
the non-invasive procedures give hemodynamic in&ion. As the name suggests
invasive procedures can be very uncomfortableHematient, often relying on the
use of a needle or catheter inserted into an astevgin. A contrast medium is then
injected into the body which can be tracked as#ises through the vascular system
of the body high-lighting the arteries and veinsndérest to the clinician. The
expense and discomfort of these procedures litméis &pplication to patients with
the most severe conditions or where the result®pfinvasive procedures are
equivocal. In contrast non-invasive proceduresaedively pain-free, normally
relying on cuffs to measure arterial blood pressuireertain sites, such as the ABPI
procedure, or tourniquets to occlude lower limingdb distinguish between
superficial or deep venous incompetence. Otherimeasive procedures use light to
penetrate the tissue and estimate superficial blotwme beneath the probe from
measuring the amount of back scattered light, #PiG. Tc-pQ@CO, and SpQ
measurement technique can locally assess the balyity to deliver oxygen to the
tissue and remove carbon dioxide from it (Baumba®B6). The above techniques

are described in more detail below.

3.1 X-ray Techniques

These techniques are hospital based and can bentortable or stressful for the

patient. They are utilised if the results of nomasive techniques are equivocal.
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3.1.1 Angiography:

Angiography and certain types of non-invasive imggnodalities, such as duplex
ultrasonography, computed tomography and magnetmnance angiography (MRA)
have gained wide acceptance in recent years diheitodiagnostic accuracy.
However it is angiography that is still considetedbe the gold standard by which all
other vascular imaging modalities are judged (Nimt@s, 2000). In its basic form
angiography consists of radiographic exposuredifeset of x-ray film. An anatomic
region of interest is positioned between an x-@yree and the film while a relatively
radio-opaque agent is passed through the vess#koést. In modern angiography a
catheter is passed to the area of interest, incptat the arteries of the lower limbs, a
radio-opaque agent flows through the catheter atwdthe arteries. X-ray images are
taken and displayed on a monitor, which acts as@degor the surgeon. Certain
procedures can now be performed such as dissavahgt with certain drugs or

opening a partially blocked artery with a ballo&utherford, 2005).

3.1.2 Phlebography

Phlebography relies on injecting a contrast medintman appropriate vein in the
body and subsequently tracking its path by fluoopsc The method is used to
demonstrate patency of the veins and to detecte@flthe superficial or deep venous
systems. The patient is placed during the procedi tilting table in the semi-erect
or standing position. The disadvantages of phledgany are that it is invasive, costly
and has potential complications due to possiblepiateactions to the contrast
medium. With the advent of non-invasive technolegech as duplex scanning, the

demands for phlebograms have reduced (Nicolaid¥X))2
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3.2 Optical and Other Techniques

These techniques are non-invasive and so are digriess painful or stressful for the
patient. Most of the techniques as they are cugreised involve cuffs, tourniquets or
require the patient to perform manoeuvres that thay find difficult to perform
considering their condition. Additionally, techn&gisuch as duplex ultrasound
require extensive user training. Also any physiaabdata gathered from a procedure

that requires the patient to perform repeated mevesnmay be inconsistent.

3.21 Ultrasound

As the name suggests ultrasound is above the @rigenan hearing. The consensus
of opinion regarding the lower frequency limit fdtrasound is 20 kHz. Ultrasound is
a form of energy which consists of mechanical vibres that travel through a
medium in the form of a longitudinal pressure waMais wave disturbs the particles
of the medium in a backwards and forwards mannkeictwhas the effect of
transmitting the energy in the wave in a direcfp@nallel to that of the oscillation of

the particles.

Common to most applications is brightness or B-mog®ing, also known as gray-
scale sonography, however other disciplines su@tlgcardiography use motion
mode also, while ophthalmology can use amplitud&-arode. The following section
will concentrate on B-mode imaging, which is theibamaging technique use in

ultrasound, and then go on to describe the vaibmppler techniques.
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Echo amplitude is represented by the brightneggeyr scale on a visual display. A
single line of the B-mode scan yields informatidmoat the position of the echo,
given by

d=ct/2 Equation 1
where d is the distance from the transducer taatget; t is the time it takes for the
pulse from the transducer to the target and bawik cas the sound velocity in tissue,
which is assumed to be constant at 1548ri&e single lines of the B-mode scan are
electronically combined to generate an ultrasounddsle image of approximately 30
frames per second for modern scanners (Shung, 200i8)enables real time imaging
of structures within the body. Distances can besues and viewed on screen using
the calliper tool. This is calculated by using timeing information stored within the
memory matrix to measure anatomical structures agcdhe size of Abdominal

Aortic Aneurysms (AAA), the diameters of arterigsveins.

When an ultrasound beam is fired at a moving tasyeth as blood, the reflected
beam is shifted in frequency by an amount propoatdi¢o the velocity of blood. This
effect is common throughout nature, where a soofseund energy moves in
relation to an observer, and is called the Doplgfégct. For a target moving towards
the transducer, the frequency of returning echipesill be higher thanf or the
transmitted frequency, and for a target moving af&@y the transducer; will be
lower than £ When measuring the velocity of blood however,dhection of blood
flow will not generally be directly towards the tisducer, but at some angle to it,
called the Doppler Angle, and therefore the freqyaelationship between the
transmitted and received signals is

_ 2vf, cosd

fq .

Equation 2
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where f{i is the Doppler shift in frequency between thegraitted and reflected wave,
c, is the speed of sound in the blood, which isO0h3* and® is the angle subtended
between the ultrasound beam and the directionaafdbflow (angle of insonation)

(Oates, 2001).

A convenient and informative way of displaying teppler signal over time is by a
Doppler spectral display, or simply Doppler speetrThis gives a complete visual
description of changes in flow velocities occurnmighin the sample volume of the
ultrasound beam. The range of velocities over isrghown on the x and y axes, and
the brightness of the grey scale trace showindeted of the backscattered power at
that frequency. It is important to note that theabte velocity on the spectral display
can only be calculated provided the angle of insonas known. Without this the

display shows just changes in Doppler frequency tinee.

Pulsed wave Doppler uses a spatially well defirmdie volume, which is able to
detect local flow velocity phenomena, and can lreomdy adjusted and precisely
focussed. Haemodynamical effects of any vessebwang can be assessed from the
Doppler frequency spectrum as it changes its saageamplitude. The degree of
arterial narrowing or stenosis can be quantifiedi®ing the change in amplitude, and
whether there is proximal or distal disease by geann waveform shape (Hennerici,

1998).

Continuous wave Doppler uses a continuous bearttrasaund, with overlapping

ultrasound fields, from a transducer containing piezoelectric elements, the

transmitter and receiver. Due to this arrangememgxact information about depth
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can be obtained, and since the sample volume afltteesound beam is fixed,
movement within any overlapping vessels is heagéttter making isolation of the

vessel of interest more difficult.

Scanners are able to combine B-mode real-time imgagith Doppler so that
anatomical information as well as blood flow data te displayed at the same time;
this is called duplex imaging. In this mode of gi&m, the display is normally split
into two parts; the B-mode image and the Dopplecspm image, with a cursor line

superimposed onto the B-mode image to indicatelitieetion of the Doppler beam.

An alternative mode of operation is called coldawfimaging (CFI). A colour
display is superimposed onto the B-Mode image tovstéreas within the image
which are Doppler shifted. Conventionally, the esloed is used to indicate blood
flow toward the transducer, and blue for blood flaway from the transducer.
Different hues of colour will indicate differentleeities of blood flow. Changes in
velocity can occur for example due to normal changevessel calibre, due to a
narrowing of the vessel lumen because of a stewoschanges in vessel angle with
respect to the transducer. CFI will give the opmrgualitative information about the
degree of a stenosis, however, quantitative inftionacan be obtained by using a
third mode of operation called triplex or colowvl duplex (CFD). Here, qualitative
information regarding haemodynamic flow is displhys one part of the screen with
CFI, while quantitative information regarding blofbolw velocities is displayed
separately. Both the CFI and the Doppler Spectaalefiorm are used together to
obtain a complete picture of the area of interggh regard to anatomical and

haemodynamical information (Oates, 2001; Shung6200
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The Doppler arterial waveform can be separatedtimtodistinct cardiac phases: the
systolic and diastolic phase. The systolic phasarsowhen the ventricles of the heart
contract causing blood to be pushed out into treil@tion. The diastolic phase
occurs when the aortic valve closes and the véesrare refilling. The diastolic phase
can be divided further into two phases which aedbed below. A typical Doppler
waveform of a healthy person taken from the lowabg will look like that shown in

Figure 5.
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Figure 5 Triplex image showing Doppler signal (loweimage) of blood flow from sampled
arterial flow (top image). Triplex flow in the Doppler signal referring to three phases of flow:
forward; reverse and finally forward flow.

This type of waveform is called triphasic, as thare three distinct phases during the
cardiac cycle. Phase one is the forward flow dusiygfole where there is a steep
systolic ascent, a narrow peak, and a quick desbetite second phase there is a
short period of reverse flow caused by the prinpadge wave being reflected from
the peripheral arterial tree. In the third phake,reflected wave continues proximally
through the arterial system and is reflected agathe aortic valve, where it then

proceeds peripherally and causes the second fopeakl Phases two and three are
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part of the diastolic phase. Therefore the shapgkeoDoppler waveform from a
healthy individual is in most part due to the pmgnaystolic wave being reflected
from some distal arterial site. This site of refiex is the part of the arterial tree
where there are high impedance terminal vessetselyahe arterioles (Oates, 2001;
Nichols and O'Rourke, 2005). The peak systolic aigfan healthy individuals
measured using duplex sonography from the musauiares of the lower can range

from approximately 50cnisto 120cmd (Hennerici, 1998).

3.2.2 Doppler waveform Measurements

The full spectral waveform contains much informatibut can be simplified by
taking the maximum velocity at each point in tinheng the Doppler waveform; this
is known as the peak velocity envelope. If the Deppaveform is presented in this
way it can more clearly show the changes in shape fifferent locations around the
body and changes in shape from the presence asdiselowever, where the Doppler
angle is unknown, several quantitative indices Haaen formulated that enable the

angle in the Doppler equation to be eliminated.

Pulsatility index (PI) is a measure of how pulsasilwaveform is and is particularly
appropriate for waveforms that are pulsatile irurgtfor example waveforms from
the lower limbs, and for Doppler waveform measuneisd is the difference between
the peak systolic and minimum diastolic velocitiégded by the mean value of the
peak velocity envelope over the cardiac cycle. fioee pulsatile the waveform the
higher the PI value will be, Equation 3, therefdeenped waveforms will have a low

Pl (Oates, 2001).
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Pl

peak to peak value

Mean value of peak velocity envelope

Equation 3 Pulsatility index

The resistance index (RI) is defined as shown inaign 4.This equation is also
independent of the Doppler angle. Since this indelependent on the changing
relationship between the end-diastolic velocity YBand the peak systolic velocity
(PSV), then changes in peripheral resistance to Wl affect Rl. An increased
peripheral resistance lowers EDV and therefore gced a higher RI. This index is
more appropriate for waveforms that normally hawemtinuous forward flow

throughout diastole, for example the carotid agteri

Rl = PSV- EDV

PSV

Equation 4 Resistance index

Duplex ultrasound scanning has been used in aalisetting to diagnose arterial or
venous insufficiency for the past 30 years. Tharetogy has advance considerably
in that time and at present it can provide anatahiidormation as well as
visualisation of blood flow as well as its directiorhe B-mode image can be used to
subjectively assess the echogenicity of thrombtisinvarteries or veins and pulsed
Doppler can be used to objectively grade the degjraeterial narrowing with a

overall diagnostic accuracy of 90% (Baxter and Ral292).
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3.2.3 Laser Doppler Flowmetry

Over the last 15 years laser Doppler Flowmetry (L.B&s developed from a scientific
research tool into a promising clinical diagnostistrument giving comparable results
to other non-invasive devices. LDF can be useds$ess blood flow in either large
vessels or to assess skin perfusion. These twooaeilse different technologies but
only the instrumentation used to assess the miccotation will be considered in this
section. Many instruments use laser light tharaglpced from helium-neon gas or
gallium-aluminium arsenide elements. This producesak beam of laser light that
penetrates the skin to an approximate depth of dr2md has minimal metabolic
disturbance on the tissue. At this depth blood tittes only a small proportion of
the tissue volume and most of the back scatterfitiggobeam will be from small
particles and stationary tissue. Light scatterechfmoving particles (blood cells)
within the sample volume will experience a Dopleift in the light frequency. To
distinguish the Doppler shifted signal due to blgetls from interference from other
sources such as electronic noise, complex electfocessing and filtering are
performed on the photo-detected signal. The sigoai represents a meaningful
guantity that varies linearly with the blood flowthe sample volume. However as
there are still some calibration issues, clinioakistigations tend to look at relative
changes from before and after interventions, ssam@asurements pre and post

hyperaemia when investigating vascular diseasasiiSéermec and Grove, 2006).

LDF technology can measure blood flow in the skidepths of only 0.1 to 0.05mm
where the capillary beds and the blood flow witthiem are the site of nutritional
exchange with the tissue; it can also penetratbduinto the sub-papillary layer, 0.05

to 2mm, where thermoregulation takes place. Howaseapproximately 90 to 95% of
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blood flow in the microcirculation occurs at thispdh and only 5 to 10% in the more
superficial skin layer, the LDF signal is composeainly of the thermoregulatory
component and only a small component of nutritidloaVy. The high frequency
response of the system permits recordings of tteaple nature of the microvascular

signal (Bernstein, 1985).

LDF technology has developed over the years frahgn experimental lab-based
research tool to a potentially useful and practtiaical diagnostic instrument.
However there are still a number of issues whiehtéthnology needs to overcome if
it is to become a useful tool in the primary caettisg. There are standardisation and
calibration issues as well as the transducers @éiaglas robust as some other non-

invasive transducers. The average cost of a LDtesyss higher than a PPG system.

3.24 Transcutaneous Oxygen Monitoring (tcPO,)

Monitoring of transcutaneous partial pressure gfgex (tcPQ) provides the clinician
with trend information regarding the body’s abilitydeliver oxygen to the tissue.
Because tcPQs measured through the skin, the value obtais@dmneasure of the
oxygen tension in the capillary beds. The reasomieasuring tcP&s to obtain
information regarding the patient’s arterial oxydewvel (Pa@) and to indicate the
level of peripheral perfusion. This is achievedeltgvating the skin temperature in
order to dilate the peripheral capillaries, inceeasgperficial blood flow and therefore
oxygen diffusion to the skin. TcR@nd Pa@values differ from each other because
some oxygen is absorbed by the dermal layer dutsnuassage to the skin’s surface.

Therefore if the patient is haemodynamically stabRO correlates well with PaO
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TcPG transducers consist of an anode a cathode anecoéyte solution as they
operate on a polargraphic cell principle. A membrawhich is permeable to oxygen,
fits over the transducer surface and enclosesléutrelyte solution. This transducer
technology requires periodic maintenance to ensate the electrolyte solution does
not dry out over time; there is minimal drifting ®#nsitivity due to electrochemical
deposits on the transducer surface and as the rmemls only a few micrometers

thick that routine use has not damaged the permmeabmbrane.

As the skin temperature is elevated within 42 tdC4%here is a danger of burning the
patient’s skin surface, particularly if the transeduremains in one place too long

(Baumbach, 1986).

3.25 Tissue Oxygen Saturation (Pulse Oximetry)

Pulse oximetry uses the difference in the absodvapectra for reduced haemoglobin
(Hb) and oxyhaemoglobin ¢Blb) within red and infrared wavelengths to calogilat
oxygen saturation levels. These wavelengths ar@ bseause they readily penetrate
tissue and light emitting diodes (LEDs) are widahailable at these frequencies. The
pulse oximeter can be found in many hospital depamts where there is a need to
monitor desaturation or hypoxia. It has also besmtduo assess patients for lower
limb arterial or venous insufficiency. However there a number of limitations of
pulse oximetry: calibration assumptions, opticéiference and signal artefact.
Additionally, this technique displays a single nuanto represent the tissue oxygen
saturation of the patient only. Other informatiocls as blood volume flow to the
tissue is not displayed, therefore missing impdrtaagnostic information (Tremper,

1989; Sinex, 1999).
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3.2.6 Ankle Brachial Pressure Index

Ankle brachial pressure index (ABPI) is the ratfdhe ankle to brachial systolic
blood pressure. A value of <0.9 indicates the presef flow limiting arterial disease
affecting the limb. A value between 0.9 and 1.2assidered normal, any greater
indicates hardening of the tibial artery walls agdial sclerosis. This type of disease
is more common in patients with diabetes and casethe ABPI to give high and
therefore misleading readings. The ABPI is non-siv@and can be performed in a
vascular laboratory or a GP surgery. For a cupofht of 0.9 the sensitivity is
reported to be between 75 to 100%, and the spiggifietween 80 to 100%.
Sensitivities and specificities of 90% and 98% eespely have been reported for the
detection of leg artery stenosis >50% (Doobay andml, 2005). In order to calculate
ABPI, firstly the patient is placed supine and pprapriately sized cuff is placed
around the ankle of the patient just above the aledalleolus. Locate the dorsalis
pedis artery with a hand-held Doppler unit. Infldte cuff until the signal can no
longer be heard, then slowly deflate the pressutke cuff and record the pressure at
which the signal returns. This is the systolic pugs in the posterior tibial artery.
Repeat this procedure for the posterior tibialrgrt€he next step is to measure the
brachial systolic pressure and this is done irstirae way as for the ankle pressures.
Repeat this for the other arm and use the hightdreofwo brachial pressures with the
highest of the ankle pressures to calculate thelA@Rhat leg. Repeat the procedure

to measure the ankle pressures for the contraaldésy.

The ability of ABPI to detect significant arteriaripheral disease is well

documented with high sensitivities and specifisitieported (Yao, Hobbs and Irvine,
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1969; Ouriel et al., 1982). However the lack otandardized methodology and the
inherent limitations in the ABPI technique makeshpiretation and comparison of
studies difficult. In particular, studies use diffat ABPI threshold values to
distinguish normal from patients with PAD; normiadgéshold values have been used
ranging from 0.8 to 1.3 depending on the requirstsgivity. Further studies employ
subjective measures, such as the patient’s clihisébry, to determine the extent and
severity of PAD and so group patients accordintpéopresence or absence of lower
limb symptoms. Criqui et al (1985) reported thadyirey on a clinical history in this
way would underestimate the prevalence of PAD factor of two to five. Similarly
palpating pedal pulses also underestimates thelemee of disease. Marinelli et al
(1979), Allen et al (1996joncluded that ABPI is biased towards detectingemor
severe disease and reported a reduction in setystilien identifying moderate PAD
against duplex ultrasound. Stein et al (2006) etswluded that resting ABPI
technique was poor at detecting low grade stemidiease and that nearly half of all

patients with symptoms of PAD had a normal resfBgp|.

A number of studies evaluated the use of stresisgessing a treadmill to investigate
if the increased blood during the exercise woulgcteearly or low grade disease in
patients. Ouriel et al (1982) studied patients iy disease, selecting those
patients with asymptomatic limbs with contra-latesanptomatic disease. They
concluded that stress testing did not significaimttyease the sensitivity of resting
ABPI to detect low grade disease. As with any tneilexercise the ability of the test
to uncover moderate PAD in the asymptomatic limlb @é@pend on the distance the
patient can walk and this will be decided by thesedimb or symptomatic limb.

Also many patients will be unable to perform theatimill exercise due to co-
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morbidity such as cardiac or respiratory diseassisability and the availability of

space required for a treadmill, particularly inrarary care setting.

3.2.7 Segmental Pressures

This type of technique helps to determine the degfarterial occlusive disease.
Pressure cuffs are placed on the arms, thighs bitlewnees and above the ankles.
Arterial pulses are then obtained distal to thé asing continuous wave Doppler.
The cuff is then inflated to a pressure that ocefuthe relevant artery and therefore
the Doppler signal disappears. Generally the tahtpressure is approximately
30mmHg above the brachial pressure. Adjacent pressuels in the lower limb
should differ by less than 20mmHg; a differenceatgethan this suggests some
degree of arterial narrowing between the cuffscBia pressures should be recorded
from each arm using continuous wave Doppler, ardltfierence between these
pressures should be less than 20mmHg. The highteedivo pressures will be used

for calculating all relevant indices.

Ankle brachial pressure indices (ABPI) are caladdor each segmental level in both
lower extremities. The ABPI calculated at each sagrwill indicate the ongoing
arterial disease process. An ABPI of between 0Bla# is considered normal; <0.9-
0.5 indicates moderate narrowing disease; andid€@iéates possible critical limb
ischaemia and potential trough of limb loss. An ABReater than 1.2 may indicate
that the walls of the arterial vessels are non-aesgible. This is consistent with wall
calcification. This type of disease is more comnopeople with diabetes (Kerstein

and Reis, 2001).
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3.2.8 Ambulatory Venous Pressure

Ambulatory venous pressure (AVP) measurements geadvaemodynamical
information that can supplement the anatomicalrmétdion provided by
Phlebography. Venous pressure in the trough dezsehging walking and gradually
returns to normal when the subject rests. Thesereagons were first recorded in the
1940s and soon the technique was widely adoptetiffeyent institutions so that by
the 1970s and 1980s AVP measurements had becorhaghedynamic gold

standard.

The method uses a needle that is inserted intanairvéhe dorsum of the trough and
which is then connected to a pressure transducggijfeer and recorder. The patient
then performs 10 tip-toe movements or knee benttseatte of one per second,
which is the standard exercise. On completion efetkercise the patient then rests
while the pressure returns to the pre-exerciselinadevel, which is recorded in
seconds. Performing the 10 tip-toe or knee bendades the calf muscle pump which
squeezes the venous blood out of the lower legltiiepeople’s refilling takes place
from the arterial side and can take approximat8lyol40 seconds to return to
baseline levels, however in patients with valviut@ompetence the damaged or non-
functioning valves can not prevent venous blood¢ctvivas ejected from the lower
limb, from travelling back down into the lower leégenous filling in this way occurs
more quickly, approximately 5 to 18 seconds. fliuseis suspected, due to a quick
refill time, the exercise is repeated with a 2.5gitde cuff placed at the ankle to
occlude the superficial veins. If the refill timenot affected by the cuff and remains
abnormally short then deep venous reflux is suspedt however the reflux time

returns to normal then just superficial venousweft suspected.
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The measurements which are regarded as the mdst asethe pressure at rest
(Baxter and Polak, 1992), the mean steady statspre (P10) at the end of the 10
tip-toe movements, the calculated pressure diffte@¢Ro-P10) and the refill time
(RT). AVP is the best method for assessing vengpeitension and the parameter
P10 is considered to measure its severity irrespeof its pathophysiology. However
because AVP is invasive it can not be used a sergéool. Other disadvantages with
using this technique are not all patients woulgblygsically able to carry out 10 tip-
toe movements or knee bends over 10 seconds and hbs been suggested that
erroneous errors may occur if there is a compeante in the trough. Also, on
standing, muscle artefact can become a problerticplarly in the rest phase of the
procedure, and so the patient uses an orthopaaaiefto support themselves with
their weight supported on one leg. The use of aiffe introduces further sources of
potential errors as the cuff width is critical; tade and it will tend to compress deep

as well as superficial veins (Nicolaides, 2000).

Because of these short comings non-invasive methaas been developed which

address some of the problems mentioned above.

3.2.9 Plethysmography

Plethysmographs are devices that measure volunmgehA number of these devices
have been used clinically over the past 50 yeatsaimploy completely different

principles. These are described below.
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3.29.1 Strain Gauge Plethysmography (SGP)

This device measures circumference of a seleatau degment. Circumference is
related to segment cross-sectional area and ceasiszal area multiplied by length is
volume. In using SGP the following assumptionsraaele. Blood volume is the only
significant variable with time; also, arterial btb@olume change is small compared
to venous blood volume changes. The device is rogdgilising a small hollow
elastic tube filled with mercury and an electricatuit that can measure voltage
across the length of the tube. The length of thetel tube changes for alterations in
limb circumference due to venous blood volume clkanghe voltage is measured
and displayed by the circuit. By measuring circumfee as a function of time,

venous blood volume as a function of time may basueed.

This method can be used to detect acute deeplu@imbosis as well as venous
valvular incompetence. SGP has some advantage®thermethods: it is far less
cumbersome than water-filled plethysmography, amimore sensitive than air-

filled plethysmography (Bernstein, 1985). The temssically consists of

1. measurement of calf volume expansion in responaestandard venous
congestion pressure

2. Measurement of the rate at which blood flows outefleg after the
congestion pressure has been released

3. Measurement of rate and volume of venous refluw floresponse to sudden
inflation of a thigh cuff

4. Measurement of the rate of calf volume expansiter difie venous blood has

been displaced by exercise.
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The first two tests are used to detect deep vetiwambosis (acute or chronic) and
the second two are designed to evaluate venouslaaimcompetence. Considering

the first two tests:

3.2911 Venous Outflow Obstruction

With the patient in the supine position the leglevated to empty the deep venous
system. The transducer is then placed on the wdesDf the calf and the system is
then balanced and calibrated electronically. A pmatic cuff is placed around the
thigh and inflated to a pressure of approximat@y®350mmHg, which will occlude
the venous return; the calf now begins to exparitkrApproximately 2 minutes the
calf expansion slows considerably, but not compfetae to an increase in capillary
pressure and the subsequent loss of fluid intantieestitial spaces, and a new
equilibrium is reached where the venous outflowaggjarterial inflow. At this point
the venous pressure distal to the cuff equals tbgspre in the cuff. After stabilisation
the pneumatic cuff pressure is released quicklythadate of change of calf
circumference is recorded. This change in circuenfee or volume is related to the
total venous outflow, which can also be relatethtinflow during the initial phase
of the test with venous occlusion. The venous outiinaybe expressed in millilitres
per minute per 100ml of calf tissue. Patients sirféewith chronic venous
insufficiency, who may have much of their venoutflow from the lower limb
occurring via the superficial veins, will have tiest repeated with the application of a

tourniquet to ensure venous blood returns via gepd/enous system.

Venous outflow obstruction assessed by SGP is Lsefthree main reasons; firstly

it quantifies the severity of chronic venous outflobstruction, secondly longitudinal
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follow up studies can show the degree of resolubiovenous obstruction, and
thirdly, objective documentation of increased venoutflow obstruction in the late
post-thrombotic period may be an indirect clueht® development of recurrent active

venous thrombosis (Nicolaides, 2000). Considelrgsiecond two tests:

3.2.9.1.2 Venous Valvular Incompetence

This test may be carried out with the patient mmghbpine position or with the patient
standing and performing 10 tip-toe movements. Whithpatient in the supine position
calf volumetric changes, due to proximal pneumettiif compressions, are
monitored. A tourniquet placed proximal to the qufévents venous blood reaching
the lower leg via the superficial venous systenthéf valves in the deep venous
system are competent then these will prevent tbeimial blood from reaching the
lower limb. However if the valves are incompetdrdrt the transducer in the calf will
register volume changes, which will be proportiaiwathe incompetence of the deep

venous valves, due to the proximal blood reachistabparts of the leg.

3.2.9.1.3 Ambulatory Strain Gauge Plethysmography (ASGP)

Calf volume changes during exercise can be mormitarel related to the extent and
severity of chronic venous insufficiency. The patiperforms 10 tip-toe movements,
knee bends (20 at 60° flexion) or treadmill exercidormally the calf volume

initially decreases and then increases during eseeréfter cessation of exercise the
calf volume returns to normal within a short peraddime. In patients with deep
venous insufficiency the calf volume increasesdiypafter cessation of exercise.
This method of recording calf volume changes alloalsulation of venous refill time

(RT), and expelled volume (EV) (Meissner et alQ20 By application of a below

a7



knee compression cuff inflated to approximately %y, isolated superficial venous
reflux can be determined as this compression wilhmalise the venous return time.
The positive predictive value for the presence ¥f ®as 100% for both RT and EV,
and the negative predictive value for the abseh€/ was 94% for RT and 75% for
EV. When compared to the gold standard AVP, théficoent of correlation for

ASGP was 0.91 (P<0.001) for RT and 0.41 for EV (B ASGP may be able to
differentiate between superficial from deep veniogsfficiency, but it can not
precisely localise the site and extent of the refiuobstruction in either system

(Nicolaides, 2000).

3.2.9.2 Air Plethysmography

This instrument consists of three major componehtsfirst is a transducer, which is
a closed air bladder used to surround the limmigfrest; the second is a pressure
sensor that measures the pressure in the cuffuacton of time; and thirdly, an

electrical circuit that controls the pressure aispldys the measured results.

Venous hypertension is the result of impaired veneturn due to reflux, venous
obstruction or poor calf muscle pump function. pliethysmography is able to
measure all three of these venous disorders bygdkie patient perform certain
exercises. Firstly a 35-cm-long air chamber igditto the lower limb and pressurised
to approximately 6mmHg. This ensures an adequatathiout unduly compressing
any of the underlying venous vessels. A syringsmimected to the air circuit and is
used for calibration purposes. Therefore, with fesup volume changes in the lower

limb, from venous empting or filling, affect theggisure in the air-chamber, and so
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these changes in pressure can be read-off as valamges of the lower limb in

millilitres according to the calibration.
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EF = gjection fraction: RVF = residual voluwme fraction: VIFI = venous flling in-
dex; VFT = venou= [(lling time; EV = ejection volume; BV = rezidual volume;
WV = venous volumse.

Figure 6 Plethysmographic curves with correspondingxercises (Nicolaides, 2000).

3.29.21 Venous Reflux

To be able to measure the extent of venous refledpatient first has to lay supine
with the leg elevated 45°, with the knee slightbxéd to empty the veins. When this
has been accomplished the patient stands withweght on the opposite leg and the
examined leg flexed. The increase in leg volunuis to venous filling, and the
functional venous volume (VV) in normal patient@gproximately 80 to 150ml but
up to 400ml in patients with CVI. Because it iffidiflt to find exactly when a plateau
is reached on the recorded signal while the paisestanding, the venous filling index
has been defined. This is the ratio of 90% of VOYBVV) by the time taken for 90%
filling (VFT90), VFI = 90%VV/VFT90%. This is a meaee of the average filling rate
expressed in mI's(Figure 6). In normal limbs the VFI is < 2mit with the veins

filling slowly from the arterial side. In patientgth severe reflux this increases up to
30ml s'. A VFI of > 7ml s has 73% sensitivity, 100% specificity and a 100%

positive predictive value of identifying limbs witlenous ulceration (Nicolaides,
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2000). A further study by Harada, Katz and Come(b®95) was conducted to
evaluate the sensitivity and predictive value of 9§ a predictor of
phlebographically demonstrated critical venoususefIThis study found that VFI
greater than 7 showed 73% sensitivity and 100%tipegpredictive value of

identifying critical venous reflux.

3.2.9.2.2 Ejection Capacity of the Calf Muscle Pump

To carry out this part of the test the patientsikeal to perform one tip-toe movement
with weight on both troughs and to return to th&ahrest position. From this we can
define the ejection fraction EF = (EV/VV*100), wieeEV represents the expelled
volume as a result of the tip-toe movement. EF &% in limbs without venous
disease, 30% to 70% in patients with primary va#ceeins and possibly as low as
10% in limbs with deep venous disease. EF is amitapt parameter to measure in
the assessment of CVI because a EF > 60% is as=eiith low prevalence of
ulceration despite marked reflux, and an EF < 408 feund in limbs with minimal
reflux but ulceration in the limbs. In combinatiBf and VFI measurements have

good correlation with the incidence of ulceration.

The overall performance of the calf muscle pumpgctvins assessed from measuring
the combined contribution of reflux, obstructiordajection capacity, can be
calculated from the residual volume fraction (RVH)is is measured through the
patient performing 10 tip-toe movements and reapdte residual volume of venous
blood immediately after the final movement. Thdadeal volume fraction is then
calculated as follows: RVF = (RV/VV)*100. For norhpatients RVF is in the range
of 5% t035% and 20% to 70% in limbs with primaryigase veins and up to 100%

in patients with deep venous disease (Browse ,1%09).
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3.29.2.3 Evaluation of Venous Outflow

With this technique the patient is placed in thgiise position and a thigh cuff is

fitted proximally and inflated to 80mmHg. This witclude the venous system
underneath the cuff and the leg will start to iasein volume. The pressure in the
cuff transducer will reflect this changing volumaéiah is being recorded. When the
volume reaches a plateau the proximal thigh custiddenly deflated and the venous
outflow (VO) curve is recorded. From this outflowree the outflow fraction at 1
second (OP can be calculated. This is the VO in terms offiaecentage of the total
venous volume. The procedure is then repeated@ftdusion of the long saphenous
vein. When used in a clinical setting an;@F> 38% is considered to be indicative of
the absence of any functional obstruction; in trege of 30% to 38% indicates

moderate obstruction, and an 828% indicates severe obstruction.

3.2.9.2.4 Venous Resistance Measurements

The venous outflow curves can also be used withilsimeous pressure
measurements to calculate the resistance to vendfisw. Pressure is measured by
inserting a 21 gauge butterfly needle into a veithe trough, and volume by inflating
a thigh cuff to 80mmHg for 2 minutes and then deftait suddenly. By calculating
the tangent at a number of different points onviir@ous outflow curve, venous flow
can be estimated at different times. The resistemeenous outflow can then be
calculated by using the measured pressure at #awse times. By plotting the
calculated resistance against pressure it is gegsilproduce curves which show
their relationship. By performing this over a larmgenber of patients without and
with varying degrees of obstruction, a range ospuee-resistance curves can be

produced that can be used by a clinician to hetp giading of obstructive disease.
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Air-plethysmography provides information derivedrfr the entire leg, as opposed to
continuous Doppler which gives information concegindividual vessels. Because
the measuring cuff encompasses the entire calttardfore includes all the muscles
from the calf to the knee, it avoids errors duentesscle movement during exercise,
which otherwise would interfere with other methadsh as segmental devices.
Because air plethysmography can measure all thseeders (reflux, obstruction and
calf muscle pump dysfunction), it has the potertbajive a complete quantitative
haemodynamical analysis of a patient, and there$otate the particular CVI

disorder from which the patient is suffering (Niaioles, 2000).

3.2.9.3 Photoplethysmography(PPG)

Photoplethysmographs are not true plethysmograpkiseameasure they provide is
gualitative and can not be used to determine voliDue to the depth of penetration

of the transmitted signal, the measurement ariited to the microcirculation.

A simple PPG sensor consists of an infrared lightteng diode (LED) and a photo
detector, placed in a small plastic housing. Figuskows the approximate depth of
penetration of infra-red light into the tissue. fidare two types of PPG probe
construction; both the light source and photo-deteare on the same side of the
tissue, this is called reflection PPG; and transioisPPG where light source and
photo-detector are on opposite sides of the tigSigere 7 shows the reflection type

probe.
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Figure 7 Depth of penetration of typical PPG probe (Blazek ad Schultz-Ehrenburg, 1996).

The disadvantage of the transmission type prob®aisit can only be used on parts of
the body where light can penetrate all the wayughothe tissue to the photo-
detector. It can therefore only be used on siteh as the ear-lobe or the digits.
Alternatively, due to the construction of the prptedflection mode PPG can be placed
on most parts of the body, such as the sole dirtlugih or on the ankle. In this thesis
only reflection PPG will be considered. The sensqiaced on the skin, preferably
where there is a concentration of subcutaneousiblessels. And as the volume of
blood within the skin layer underneath the sensoreiases and decreases with
differing physiological mechanisms (heart ratepnegion etc) so the amount of
reflected light measured by the photo detector etiinge. More subcutaneous blood,

the less infrared light gets reflected (Blazek 8atiultz-Ehrenburg, 1996).
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Figure 8 Optical properties of the skin (Blazek andSchultz-Ehrenburg, 1996). (A)- percentage
absorption; (R)- percentage reflection. To the lefof the vertical line at 800nm the diagram
shows the visible spectrum of light; to the right e infra-red portion of the spectrum (IR-A).

The detected PPG signal is composed of reflectimms the bloodless epidermis and
from the layer of tissue containing blood vesdeéigure 8 shows the light reflection
(R) and the absorption (A) properties of the bltayer and the bloodless human skin.
The large reflected signal from the bloodless skin easily be filtered from the

signal in the post-processing stage. Therefore widsie IR signal is absorbed by the
blood layer, as can be seen from Figure 8, wherblibod layer has only a small
reflected component. Between approximately 800@nén there is a narrow
measurement band where the IR light penetratesgigermis with little attenuation
and there is also a relatively large separatiowéen reflective properties of the

bloodless skin and the vessels filled with blood

Changes in oxygen concentration in the blood cllunaence PPG signal. It is therefore
important to know how the absorption spectrum ofg@nated and de-oxygenated
blood varies with the wavelength of light used;esttise changes in oxygen

concentration in the blood could be mistaken foodlvolume changes.
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Figure 9 Absorption spectra of haemoglobin (Challoar and Ramsay, 1973). The intersection of
the two curves, i.e. the isobestic point, 805nm, wghere the absorption difference between
oxyhaemoglobin and reduced haemoglobin is minimal his point is utilised in the PPG technique

Figure 9 shows the absorption spectra of haemayldts can be seen there is a point
on the graph where the absorption co-efficientgfgenated haemoglobin and
deoxygenated haemoglobin are the same. This isikagvithe isobestic point for
haemoglobin and occurs at a wavelength of 805nnmg.tkis wavelength overcomes

the difficulties mentioned above (Challoner and Rayn 1973).

Since 90% of the reflected PPG signal comes frantiisue, 10% from the venous
blood and 0.1% from the arterial blood volume, sapan of the reflected PPG signal
into its component parts, i.e. the venous andiafteignal can be accomplished. The
signal is then comprised of a large signal offetn tissue, a slowly changing

venous portion (quasi d.c.) and a pulsating aiteiggal (a.c. signal).
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A major disadvantage of the PPG system is the tatfi@t skin colour and thickness
have on the reflected signal. The same blood volcima@ge can produce different
PPG amplitudes under different skin conditionse @dvances of the electronics
industry into the digital age have enabled PPGesystto perform automatic self-
calibration, which is microprocessor controlledisTimvolves adjusting the intensity
of the emitted light until the amount of reflecleght reaches a defined level, Ro. The
maximum reflected signal, Rmax, is also storedr&loee defining Ro allows a
constant starting value which is valid and reprdloledor every skin type and is
performed before each measurement. One of the tahesof this self-calibrating

technique is that a quantified PPG signal amplitad@PG % can be used, defined by

PPG% = ((Rmax- Ro)/Rox100)  Equation 5

Additionally, inter-individual comparison of PPQysals is possible.

3.2.9.3.1 Evaluation of Venous Reflux and Calf Muscle Pump Tst.

The probe for this test is placed approximately §coximal to the medial malleolus
or on the dorsum of the trough. After baseline z&ib have been achieved, emptying
of the calf venous blood is produced by repeatediffiexion and plantar flexion of

the trough (Figure 10).
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Figure 10 Calf exercises during calf muscle pump &

This can be performed in a chair or with the patsanding and performing 10 tip-
toe exercises. However, if the patient is standing,essential that they hold on to an
orthopaedic frame or a table so that artefacts ttwerileg muscles are minimised
during the refilling period. Better separation visnd for patients in the standing
rather than sitting position (Nicolaides and Mil&887). As the patient carries out
this exercise the venous blood gets squeezed upwariout of the lower limb. This

reduces the amount of blood beneath the sensangathe PPG signal to rise.

57



www.medscape.com

W I
i

- +15 Sec. 25 S9C. ————t———
EXERCISE VRT

‘Source: Wounds © 2003 Health I'l.u'Ia.n.'agaElH'iarr.t.Pu.t:;li-caHEﬁa. Inc.

Figure 11 Typical graph of volume flow signal usinga PPG probe. The first 15 seconds show the
dorsa-flexion phase of the test, where the venoufobd ‘empties’ from the calf. The time to
complete the remaining rest phase, (VRT), venoudlfng, indicates whether the patient has an
abnormal or normal venous refill time. The verticd axis is PPG% and the horizontal axis is time
in seconds

In healthy patients the competent valves do notathe blood to travel back down
the leg, but the leg refills gradually from artér#low. This makes the PPG signal
fall back towards its initial value. However, patie with valvular incompetence can
not stop the ejected blood falling back down tliedae to gravity and filling the
subcutaneous vessels. This reduces the Venous$ Refé (VRT). From this test a
graph of volume flow over time is produced (Figiig. Two important parameters
can be calculated from this graph, namely, VRT ¥adous Pump Power (V0),
which is the peak height the signal reaches duhiegxercise period, from the steady
state value at the beginning of the of the testiamdeasured in %PPG. If VRT is
abnormally short (<20 to 25 seconds in the sitfingition or 18 in the standing
position) then the test is repeated, but this tivith a tourniquet around the ankle or
knee to occlude the superficial veins. If this doesaffect the VRT and return it to

within normal range then this suggests deep veimsusficiency or perforator
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incompetence. Normalisation of the VRT suggestsffitsency is confined to the

superficial venous system and that the deep veesanpetent.

Three degrees of insufficiency are used internatigno evaluate the muscle pump
function:

* Normal VRT greater than 25 s

e Stagel VRT 20s to 24s

 Stage 2 VRT 10s to 19s

» Stage 3 VRT less than 10s

Although not yet decided internationally, venousnpupower, Vo, has been separated
as below:

* Normal Vo greater than 4 PPG %

* Equivocal Vo from 3to 4 PPG %

« Abnormal Vo lower than 3 PPG %

The muscle pump test can be used for the diagnbd#ie following venous disorders:

» Varicose veins of any type with or without junctadisaphenous incompetence
» Varicose veins of any type with or without incong@tperforator veins

* Post thrombotic syndrome or other forms of deemusnnsufficiency

* The differential diagnosis of venous leg ulcers

* Deep venous thrombosis
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3.2.9.3.2 PPG Vein Occlusion Test: Evaluation of Venous outbw (VOT).

Evaluating venous outflow utilising PPG technolaggarried out in much the same
way as measuring it using strain gauge or air ptettography mentioned previously.
The patient lies supine, with the leg under inygggton raised, and a pneumatic cuff
is placed around the thigh. The PPG probe is placdtie inner or outer aspect of the
lower leg and the cuff is inflated to approximat8@mmHg for 2 minutes. The PPG
signal recorded will reflect the blood volume chesgccurring in the superficial
layer of the skin. On release of the cuff pres&lwed will be forced out of the lower
leg, due to the pressure build up, and this outfliivbe recorded for approximately
30 seconds. Among other parameters which are eadtlifrom this outflow curve
are: venous capacity in PPG% and VO in PPG%/minis/defined over the 1 to 2
seconds after the release of the occlusion cutiebdthy subjects this change is >
30%/min. The VOT is a test for venous obstructiatiher than specifically for venous

thrombus. Therefore the test can not differenti&isveen

1. Acute thrombus

2. Post thrombotic occlusions

3. External compressions
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3.2.9.3.3 PPG Vein Pressure Test

For healthy people in the supine position venogsing pressure (Pv) is
approximately 10mmHg. However this can be altengdduitional components as

shown below:

Pvp = Pv + Phydro + Pocc + Patrium  Equation 6

where:

Pv = venous resting pressure

Phydro = additional hydrostatic pressure

Pocc = pressure through outflow obstruction

Patrium = central vein pressure

The vein pressure test is measured with the patigribe. A small pneumatic cuff is
placed around the base of the great toe and a Bf$Brsis placed on the tip of the
great toe. The pressure in the cuff, Po, is elgutrumatically increased at a constant
rate (4mmHg$). The PPG signal will rise as soon as the presaue cuff reaches
the venous resting pressure, Pv. After approxima@lto 30 seconds the cuff is

suddenly deflated.
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Figure 12 Relationship between cuff pressure and RFPcurve (Blazek and Schultz-Ehrenburg,
1996).

With this examination method a number of parametarsbe calculated by using the
air pressure and PPG volume curves produced. diishows the relationship
between the cuff pressure and the PPG curve. Fiislhows the results of an
experiment carried out on patients with a simul@®d by way of a pneumatic cuff

used to occlude the veins in the lower limb.
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Figure 13 Mean values of peripheral venous pressuffer patients with and without occlusion
(Blazek and Schultz-Ehrenburg, 1996).
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As can be seen from Figure 13 the mean value o B8.4mmHg with a cuff
simulating an occlusion and just 18.9mmHg withoatif. Both conditions could be
discriminated with High significance (p < 0.001)#&Bek and Schultz-Ehrenburg,

1996).

The technologies described previously for assegsatignts with vascular disease are
predominantly used in a hospital or specialist ubscclinic. However, as some
require extensive user training or are relativedgensive, others require more patient
intervention or effort, and so are unsuitable asraening tool in a primary care
setting. Therefore the technology and method ukedld meet the time and cost
constraints of a GP practice. Because of thesemsasesearchers have investigated a

number of alternative techniques of assessingmgatigith vascular disease.

Optical techniques such as Photoplethysmography.aser Doppler are relatively
cheap to purchase when compared to duplex ultrasdurey record local skin blood
flow changes, which is composed of an arterial\@mbus component. Appropriate
signal conditioning can isolate these componentissancan be analysed separately.
The arterial component, due to its dynamic natioas,been characterised and
analysed to assess patients with PAD and the vesignal has been used to assess

patients with venous insufficiency.

The following section will considered how the PH@nal is generated, its shape and

how it is altered by physiological and pathophysgpatal mechanisms.
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3.3 Peripheral Pulse Wave characteristics

The peripheral pulse wave is generated when b®egected from the heart during
opening of the aortic valve. As the pulse propagyederards the periphery, along
individual arteries, it changes in shape and teapdraracteristics. These changes
are the result of the complex relationship betwle&rnventricular output and the
capacitance of the vascular tree (Murray and Fo$896).The peripheral pulse has
been recorded and analysed extensively as a peesswe using tonometry. To
measure the peripheral pulse, tonometry can beas#ue wrist to measure the radial
pulse or on the neck to measure the carotid pAjgelanation tonometry requires the
artery to be applanated (flattened) underneatiséhsor. The pressure is then
transmitted from the vessel to the sensor and decbfO'Rourke, Pauca and Jiang,
2001). If measured at the wrist the vessel neete supported by the radial bone.
Blood volume changes in the microvascular bed lads@ been recorded and analysed
by PPG. The PPG blood volume pulse has similantiés the blood pressure pulse.
However, the tonometry technique is relatively exgdee compared to PPG and
requires a skilled operator to obtain accurateergsordings, therefore the peripheral

pulse will be described from research using PPGnilogy.

A typical PPG signal obtained from the finger o& t® shown in Figure 14. The signal
is produced by shining infrared light into the skimd recording the amount of
reflected light coming back to a receiver. The antai reflected light will ultimately

depend on the amount of blood directly under taesducer
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Figure 14 Example of a normal PPG waveform (Murray and Foster 1996).

Following each heart beat, a bolus of blood traa@ag the arterial tree eventually
entering the arterioles. This bolus causes disternsi tissue which is seen as a rising
deflection of the PPG trace associated with theofiggphase of the heart beat also
known as the anacrotic phase. During the restirdjastolic period of the heart beat
also known as the catacrotic phase the trace etarbaseline level. During this
catacrotic phase a dicrotic notch is usually seguatients with healthy compliant
arteries. This notch has been associated with pudse reflections from the
periphery. The position of this notch or incisuratbe descending slope of the PPG
waveform can change, rising towards the systolakhiring vasoconstriction or
towards the baseline during vasodilation. Figurehdws the pulsatile component of

the PPG waveform also known as the ‘AC’ componEigire 15 shows this AC
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component sitting on a large quasi-DC componeritredates to the tissue and the

average blood volume.

W

inspiration Expiration Inspiration Expiration

Figure 15 The effect of respiration on the PPG sigal (Murray and Foster, 1996).

This DC component is affected by respiration, vastionm, Traube Hering Mayer
(THM) waves (see 2.3.2.2) and thermoregulatione®knd Murray (2000b) also

showed that these pulse wave characteristics soebaldy site dependent.

Certain features of the PPG waveform, such as pudse transit time (PWTT),
amplitude and pulse shape, have been investigatagatential technique for
assessing vascular disease or clinical physiolbgicaitoring. PWTT refers to the
time taken for a pulse wave to travel between amydrterial points. In non-invasive
studies the reference point used to measure PWdiffement parts of the body has
been the ECG R-wave. PWTT to different parts oftibdy, such as the ears, fingers

and toes has been measured using this methodrasrdhal range of values for each
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site recorded (Allen and Murray, 2000a). The meamant points used in these

studies are shown Figure 16.

—R wave

N Max

50% (max -- min)

Figure 16 An example of how PWTT can be measured (Smith et.al1999). The upper figure
shows the ECG waveform and the lower figure a typal PPG signal taken from a peripheral site,
such as the finger or toe.

This method of measuring PWTT although conveniand, the R wave being easily
identified with ECG leads, has one disadvantagaetis a delay between the ECG R
wave and opening of the aortic valve. Thereforentieasurement of PWTT using this
method overestimates the true value, which isithe taken for the pulse to travel

from the aortic valve to the periphery (Smith ef 89099).

PWTT is proportional to blood pressure. As the uéactone increases from acute
rises in blood pressure the artery walls beconfieiséind this increases PWTT,
conversely, when the artery walls relax as vasdolae decreases, PWTT decreases.

The normal aging process also has the affect fibésitng artery walls which therefore
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affects PWTT and to a lesser extent PWTT is alkectdd by patient height and heart

rate (Allen and Murray, 2002).

PWTT is also affected by the presence of atherostttedisease. This disease is more
prevalent as we age especially in the fourth aftial diecades in life. It impedes blood
flow by narrowing vessel lumen and a subsequemnt oir@ressure distal to the
stenosis. This narrowing in the lumen of the vekaslthe tendency to increase the
transit time of the pulse (Erts et al., 2005). WHenPWTT to the great toe was
measured in two separate groups, a healthy antieapgroup with low and high
grade disease, from the ECG R wave to pulse pewditisty and specificity of 64%
and 91% respectively were achieved (Allen et &I05). A comparison between
healthy controls and patients with lower limb utelal stenosis was conducted by
Erts et al (2005); they found that the PWTT recdrdethe periphery of the stenotic
leg when compared to those of the healthy leg welayed. The average PWTT

delay reported was 23ms, with full specificity anss.

The pulse shape and how it is affected by certhysiplogical mechanisms has also
been widely studied. Age related changes in shaffe@eripheral pulse at various
body sites have been studied by Allen and Murr@p82. By normalising the pulse in
amplitude and time they were able to show subtkdgal and significant changes in
pulse shape at all sites between the differengagaps, with elongation of the
systolic rising edge and damping of the dicrotitchoThe frequency content of the
signal has also been analysed by Sherebrin ane@!3ire(1990) and they found a
decrease in power of harmonic frequencies of thiplperal pulse wave at the finger

with age.
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As reported previously, respiration and sympathegivous system activity affect the

amplitude of the peripheral pulse, but this hdkelgffect on the overall pulse shape or

contour. Local thermal stimulation or infusion @sedilator drugs increases local

blood flow and amplitude of the PPG signal, but litle impact on its shape

(Millasseau et al., 2006). This suggests that tdreaur of the peripheral volume pulse

is primarily influenced by characteristics of thetemic circulation.

PPG pulse shape has also been investigated asessament tool for lower limb

stenotic disease. As well as a delay in transi¢ tiothe periphery the volume pulse

also becomes more damped as the disease becomesewere (Figure 17).
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Figure 17 Examples of PPG toe pulses from a healitlpatient (left) and a patient with significant
lower limb arterial occlusive disease. Both patierstof similar age.

Various aspects of the pulse have been measudstiaguish healthy from patients

with different levels of arterial disease, from reaate, significant, to occlusive

stenotic disease. The systolic rise time was inyat&d by (Allen et al (2005), and

they found that it had 91% specificity and 64% #enty for detecting unilateral low

grade and high grade disease when using ABPI agoldestandard. However in the

same study, Allen et al (2005) used a shape imnlasgess the same group of patients

69



and found this to have a better diagnostic perfogaahan the systolic rise times

with specificities and sensitivities of 90% and 888spectively.

In 2000 Allen and Murray (2000a) studied the bleotbme pulse from 40 subjects
with no known vascular disease. PPG probes wepeglat the ears fingers and toes
and the aim of the study was to determine the antylin the right to left pulse
characteristics with pulses obtained simultaneofieiy the 6 peripheral sites. By
studying the pulses obtained, important informatibout the peripheral circulation
can be extracted, such as pulse wave transit 8WEI(T), the strength and shape and
their variation over time. Also, a normative rargggulse data can be collected with
which specific vascular patient groups can be coethdata were gathered over a

5minute period while the patient rested on a measant couch.

Similarities in the pulse waveform shape at theglsegmental levels were found
using two types of analysis: Root Mean Square ER&MSE) provides a measure of
differences and the cross correlation analysisigesva measure of the degree of
similarity. The study showed that pulses from #féand right sides of the body from

normal subjects are highly correlated at each sagahievel.

Allen and Murray (2002) investigated the age relatieanges in the peripheral pulse
timing at the three segmental levels, i.e. the,degers and toes using PPG. The aim
of the study was to determine how the PWTT charg#adleen 116 normal healthy
volunteers whose age ranged between 13 to 72 y&aese were divided into 5
decade age groups. Additional effects such asrdiffees in subject height, systolic

blood pressure and heart rate were also investightis generally accepted that older
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subjects PWTT to the extremities decreases dugteasing arterial stiffness.
However it is less clear in younger subjects. PWVBE determined with reference to

the electrocardiogram R-wave.

It was found that age was the strongest contribtbcPWTT at the 3 sites and the
greatest effect could be seen at the toes. Rigbfttsides showed to be highly
similar. Systolic blood pressure was also an ingodrtontributor to PWTT at all
sites. Height was significantly and independerglpted to PWTT at the fingers and
toes. Allen and Murray (2002) concluded that adects decrease linearly with age
from the second to the seventh decades, showingffinet of changes in the arterial

stiffness can be detected from an early age.

Using the same normal healthy subjects and thgaetal levels Allen and Murray
(2003) investigated the age related changes inltaecteristics of the
photoplethysmographic pulse shape. Arterial stdfni@ older subjects changes the
propagation of the blood volume pulse to the peniphwhich therefore changes the
pulse shape and timing. However it is less clegouimg subjects and for different
peripheral sites. Subjects were divided into 4 desa<30yrs, 30-39, 40-49, >50yrs.
Pulse shapes were calculated at the three sitéisdfarhole subject group and for the
subjects within each age group. Differences ingslsape relative to the oldest group
were also calculated. In particular two distingioms of interest were used from the
peripheral pulse to use as indicators of diseasy; Wwere the systolic rising edge and
the dicrotic notch. The study concluded that, madirnoderate and significant
changes in pulse shape were found at all siteh,eldngation of the systolic rising

edge and damping of the dicrotic notch.
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Allen et al (2005) compared pulse timing, amplitaael shape characteristics of PPG
signals taken simultaneously from the great toe&3diealthy subjects and 44 patients
with suspected lower limb arterial disease. Pulaeeranalysis extracted pulse
timings, amplitude and shape characteristics. Rutgsags and shape analysis were
calculated as in previous studies respectivelyefAtind Murray, 20022003). These
were taken from both toes and for the right antittef differences. Normative ranges
were then calculated for healthy subject groupg dim of the study was to calculate
the relative diagnostic value of the different pulsatures for detecting lower limb
arterial disease, which were referenced to theealidchial pressure index (ABPI)
measurement. Signals were recorded for 2.5 mintites patient group was divided
into 2 subgroups according to their ABPI reswtwér grade arterial disease were
patients with an ABPI of between 0.9< ABP0.5 and higher grade disease with an

ABPI < 0.5. All healthy subjects had an ABPO0.9.

When individual great toe measurements of pulsags) amplitude and shape
features were ranked in order of diagnostic peréorce, shape index (Sl) performed
the best with a >90% accuracy. PWTT produced andistic accuracy of 78%, while
amplitude had a diagnostic accuracy of 79%. Bidtdifferences showed that PWTT

had a diagnostic accuracy of 87% and shape indexauracy of 82%.

Nitzan, Khanokh and Slovik (200&)easured the PWTT to the toe and fingers of 44
normotensive male subjects by PPG and ECG. Thikadas related to pulse wave
velocity (PWV) which in turn is a measure of arédistensibility. However PWV

assessment, by measuring the appearance timere$supe pulse in two sites along
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an artery and the distance between the two sgegmplicated and inaccurate. The
difficulties in measuring PWV can be overcome byas&ing the delay in arrival of
the cardiac induced volume pulse at two periph&tes on the body, such as the

finger and toe.

In particular, two parameters which are relateB\WdV were tested: the time delay
between the ECG R-wave and the arrival time ofthise at the toe (E-T PWTT) and
the difference in the transit time of the bloodgstge pulse between the toe and the
finger (T-F PWTT). The results showed that both BWTT and T-F PWTT
decreased as a function of age and systolic bloesspre (SBP), but they were not
statistically significant with diastolic blood psese (DBP). The study also concluded
that the decrease of PWTT with age was attribugetie direct structural decrease of
arterial compliance with age and not the functicfédcts associated with the

increase of blood pressure with age.

Erts et al (2005) studied the PWTT delay betweerfitiger and toe of 20 healthy
control subjects and 45 patients with diagnoseetiattstenosis in a leg. Both groups
had parallel measurements of local blood pressayeseans of the oscillatory
method of both upper arms and on the upper andrltwghs and slightly above the
ankles. Subsequent ABPIs were calculated and thiéhlyegroups assigned ABPIs of
1-1.1 which indicates that there is no significaatrowing or blockage of blood flow.
In this study patients with an ABPI below 0.95 wassigned to the patient group.
However the study did not indicate if these patemére further subdivided into
moderate or significant disease. The study did ewmdicate that an ABPI of 0.25

or below is related to severe limb-threateningpdesral vascular disease.
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The study showed a correlation between bilatefédréinces in local blood pressure
and in the corresponding PWTT delay, as well azéet PWTT delay and ABPI.
They also reported that the average PWTT valuegétenosis diagnostic threshold
was 23ms +/- 9ms. The range of patients PWTT wef8@ns, while in the case of
healthy subjects the leg PPG signals arrived withdelays or with PWTT delays not

exceeding 14ms. Patients were not included indtiigy if they had bilateral stenoses.

A study which investigated the reaction of 5 flowtron frequency bands to post
occlusive hyperaemia by laser Doppler techniqueagasiucted by Rossi et al
(2005). Baseline readings of the 5 flow motion freqcy bands: 0.007-0.02Hz, 0.06-
0.2Hz, 0.2-0.6Hz and 0.6-1.8Hz were recorded ih&délthy subjects and 20 patients
with stage Il peripheral arterial obstructive dseg§PAOD). General wavelet
Analysis (GWA) was used to calculate mean and peakers in the different
frequency bands. These were then recalculatedsiiteipost occlusive hyperaemia
(POH). During POH the mean peak power of the floation wave increased
significantly in healthy subjects with respect &sbline, with the exception of the
frequency band 0.02-0.06Hz. In the PAOD patientaared to baseline, the
amplitude of the flow motion waves did not sigréintly change during POH. Rossi
et al (2005) concluded that patients with stage@ADD, the leg skin perfusion is not
impaired during baseline because of the compensatechanisms related to the
increased endothelial, myogenic, and sympatheticites. However, during reactive

hyperaemia these mechanisms appear to be exhausted.
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3.4 Clinical Pathway

A clinical pathway for a patient is the possiblestiment options available to the
clinician when managing their care after suspedinigsease condition. Figure 18
illustrates the possible route a patient would skepected of having arterial or
venous insufficiency, if they were to enter theltiezre process at primary care
level. The techniques above the red line woulddxéopmed at the primary care level
or the specialist vascular clinic; below the rettlthe techniques are hospital based.
Initially, the GP takes a history and performsiaichl examination, which may
include using a hand-held Doppler device to ‘listerarterial blood flow at ankle
level. If arterial insufficiency is suspected, aBR may be taken before referring the
patient for a hospital based duplex ultrasound exation to confirm the diagnosis
and also to identify the arterial segment or segmafiected. If the ultrasound scan is
equivocal then further investigations are availabtevever these may be more

invasive, such as an MRA or CTA.

If venous insufficiency is suspected, the GP carfioo the site of reflux by again
using a hand-held Doppler instrument. If furthdormation is required such as the
functional impact of venous reflux the cliniciarsithe option of sending the patient
to a specialist vascular clinic to undergo a plsthggraphic investigation, which has
been described earlier in 3.2.9. Both of thesertiecies can be performed in primary
care or a specialist vascular clinic. Alternativehe GP could request a duplex

ultrasound scan that will detect if the insuffiagns just superficial, deep or
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Figure 18 Clinical Pathway
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both and report the sites of reflux. Again this Vaoloe performed at the local hospital.

The aims of the techniques available to the clama@are to ascertain the nature, position and
extent of the arterial or venous insufficiency gr@sn the lower limbs. The physician is then

able to make an informed decision as to the aptplevel of patient care need.

3.5 Disadvantages of Current Vascular Techniques

The disadvantages of hospital based x-ray techaitpuevestigate vascular insufficiency are
self evident as they are invasive and so can bdpair distressing for the patient and
because of this were never intended to be usedaaning tool for vascular disease.
However these techniques are generally only ustdifesults of the non-invasive

procedures are equivocal.

As mentioned previously the GP will decide whethg@atient has arterial or venous
insufficiency by taking a clinical history and pemnining an examination. This examination
may be just visual if the clinical signs are obwpsuch as varicose veins. If the aetiology of
the patient signs or symptoms is not obvious thee&@wPutilise a handheld pocket Doppler or
use plethysmographic techniques to distinguistersfit levels of arterial or venous disease.
However only superficial venous insufficiency candxamined with a handheld pocket
Doppler and also the device is inappropriate fer s diabetic patients with arterial disease.
In addition the ABPI technique used for detectiogeér arterial disease uses cuffs and so is
relatively time consuming to perform and can beommiortable for the patient.
Plethysmographic techniques used to investigatewsemsufficiency are also relatively time
consuming to perform and again require the useifé$ or a tourniquet. The technique also

requires the patient to perform certain lower limanoeuvres which some patients may find
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difficult to execute in their condition. Duplex dsound, although non-invasive and has the
ability to identify patients with arterial or ver®insufficiency, it is relatively expensive to
purchase and currently not within the purchasesoofsinost GP surgeries. It also requires a

specialist user to operate and interpret the images

The methods used in this thesis are intended tsbé with an appropriate existing
technology. Therefore a device that is cheap tchase, requires minimal user training and
that can be used to investigate arterial or vemmigficiency without the need of cuffs or
tourniquet, or requires the patient to perform amanoeuvres would be advantageous to a
primary care centre. The technique is intendedipplement the clinical examination and
give the clinician more confidence in diagnosingatdar disease. The test is intended to be
used at the clinical examination stage giving tieaan a simple yes if there is vascular
insufficiency present or no if there is not. If thés vascular insufficiency present the
clinician can then put the patient forward for hat testing to investigate the extent and
severity of the insufficiency, however if the sigarsd symptoms are not vascular in origin,
then an alternative investigation can be perforthedeby reducing the number of

inappropriate vascular scans.

Various methods and aspects of assessing artadalenous insufficiency have been
considered. Some methods of assessing vasculaisdisee not suitable as a screening tool
because they are too expensive to purchase, usetiadlyy harmful x-ray technology, or they
require extensive user training. Other techniquesyeore appropriate as a screening device
for the assessment of vascular disease. Certaicabpchniques such as laser Doppler and
Photoplethysmography are relatively cheap to pwelmacomparison to for example, duplex

ultrasound, and they require minimal user trainligwever as described in section 3.2,
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optical techniques used at present, to assesgabaderd venous insufficiency, are still
cumbersome to perform for the patient and user.é¥@woptical technology appears to have
the most potential to be used as a simple vassataening device by a GP at the clinical
evaluation stage as it meets most of the criteiast in the background section of this
thesis. The following literature search examinsegiand photoplethysmography techniques

and investigates if they can be used in this wagskess vascular disease
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4 Literature Review

This chapter comprises an historical review ofdbeelopments of laser Doppler and
Photoplethysmography, which are the two main laéedanon-invasive optical methods used
to assess arterial and venous blood flow, andtiigaranalysis of recent developments in the

clinical and experimental use of Photoplethysmolgyap

4.1 Laser Doppler- Historical review

A laser Doppler instrument generates monochrontigtit at one particular wavelength,
typically 632.8nm, but other wavelengths have hesad, 780nm, if slightly deeper
penetration is required. At these wavelengths baddw powers used (1-15 mW) the
emitted light penetrates the skin to a depth oiaie2 mm. This reaches the
thermoregulatory skin blood flow as well as flowtie capillaries. The laser Doppler signal
is derived from the Doppler shift of reflected lakght which is caused by the moving blood
corpuscles. This makes laser Doppler suitable fmmitaring changes in skin perfusion.
While laser Doppler and Doppler ultrasound utitise Doppler shift to visualise blood flow,
laser Doppler can only estimate micro-circulatoigol flow, where as Doppler ultrasound
can penetrate further into the tissue and therefmasure blood flow in larger individual

vessels.

One of the earliest working lasers was developellldynan (1960) using the material ruby.
Only a few years later Cummins and Yeh (1964); st Cummins (1964neasured
localised fluid flow in flow tubes filled with smiadeflective targets using a laser

spectrometer to examine the Doppler shifts in thgl&gh scattered light.
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Early experiments in the use of laser light to meablood flow in the retinal arteries of
rabbits were carried out by Riva, Ross and Ben¢ti@k?) Initially the optical and

electronic system was set-up by firing a Helium Né&ser at polystyrene spheres in distilled
water inside a glass capillary tube. This was coteteto a syringe pump which was set to
different flow rates. The spectral distributionsetved were in agreement with the set pump
flow rates. Next, similar measurements were madie the glass capillary tube filled with
rabbit’s blood. Similar spectral distributions welatained, but the presence of multiple
scattering by red blood cells affected the shapb@tpectrum. However the narrow high
frequency peaks in the spectrum did vary propodtiely to the rate of flow of the syringe
driver. Finally the flow of blood in the retinaltary of an albino rabbit was measured. The
experiments showed that the spectral distributidaser light backscattered from the retinal
arteries of a rabbit permits reasonable estimdtésedlow velocity. And since the spectrum
was sensitive to deviations in the parabolic vaéjoprofile, Riva et al (1972), suggested that

information concerning the pathological state cfseds may be obtained.

In 1974 Tanaka, Riva and Ben-Sira (1974) took pneeedure a step further and measured
the blood velocity profiles in human retinal vessdlhese results were in agreement with in-
vitro experiments, showing that the technique cdagckasily adapted for monitoring retinal
circulation in a clinical setting. However it wastruntil 1975 that laser Doppler blood
perfusion measurements were performed to assessi¢hacirculation before and after
external stimuli. A 15mW He-Ne laser was used lgrns(1975) to illuminate a small area of
skin of a fingertip. He confirmed that the Doppsdégnal received from the finger is caused
by blood flow. This was accomplished by placing@old pressure cuff over the arm and
comparing the change in the Doppler frequency leedid after occlusion of the brachial

artery. Secondly to demonstrate the pharmacologitatts on the microvasculature a
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vasodilator was administered over a 15 minute pefidiis showed discrete increases of flow
in the superficial vessels. This work indicated flager light could detect relatively rapid

changes in blood flow in the microcirculation andlifferent micro-vascular compartments.

Important work on the advancement of the instrumign into a practical and portable
system was conducted by Holloway and Watkins (1L9Watkins and Holloway (1978).
Previous optical coupling systems used a singl&&etnansmitting fibre with a surrounding
annulus of receiving fibres. Watkins and Hollowa918) used a fibre-optic catheter
construction which was composed of separate trahsgiand receiving fibres. Separating
the transmitting and receiving fibre in this wagn@ased the signal to noise ratio of the
system. Additionally, a photodiode instead of atphwultiplier was used in the sensing
circuit, which eliminated the need for a high vgltasource and decreasing the size of the
instrument overall. However, they experienced potd caused by mode interference in the
laser cavity when taking measurements in low blibmd areas. This work compared the
laser optical technique 3% xenon radioactive clearance technique in the farsaf normal
volunteers subjected to UV induced erythema. A doar relation was demonstrated
between these two methods. Further positive corsasiof laser Doppler spectroscopy with
133 xenon clearance method were performed by Steah(@977). This method provided

continuous monitoring of blood flow fluctuationacluding the pulsatile component.

Problems encountered by Watkins and Holloway (19&8arding mode interference in the
laser cavity were addressed by Nilsson, TenlandGretg (1980b). Instead of using a single
photo-detector, a differential detector technigwes wsed. This reduced common mode noise
to a negligible level, increased the signal to @eoaio and significantly improved the

sensitivity of the instrument. This resulted inighty stable system from which continuous
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recordings of regional blood flow variations coblel performed. Further problems
encountered in the early development of the lasgpler technique were revealed by
Boggett, Blond and Rolfe (1985). Their investigaagevealed that over the audio range of
reflected Doppler signals produced, particulariftap few hundred Hertz, much of the
signal appears to be non-Doppler in origin. Theoreed that the source of this interference
were low frequency signals being generated by apfilsre movement, particle number
fluctuations in the scatter volume and changekenrtensity of the laser light. However they
concluded that most of the processed signal igal®ppler shifts derived from interactions
with moving blood cells and careful selection dba noise laser will keep low frequency

interference problems to a minimum.

The effects of oxygen pressure changes on the xggpler signal have been explored
(Nilsson, Tenland and Oberg, 1980a). They foundetrel of blood oxygenation to have
only a minor influence on the Doppler signal andpmsed that other factors such as
haemoglobin content and tissue pigmentation may @larger role in effecting the signal.

He suggested the use of an infrared laser may onerchese difficulties.

Laser Doppler measurements have also been comagagatst a number of other blood flow
techniques such as strain-gauge plethysmographglanotfomagnetic flowmeter. Laser
Doppler closely correlates with these methodspalgi variations in the signal have been
found between subjects. These studies suggestekhsiea Doppler flow provided a good
estimate of tissue blood flow, however variabiatyong subjects and uncertainties in the
value at zero made calibrating and quantifying ltesiifficult (Johnson et al., 1984; Smits,

Roman and Lombard, 1986).
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Most of the early research exploring the use adriéight to monitor changes in

microvascular blood flow used a laser wavelengtb3#.8nm (Stern, 1975; Holloway and
Watkins, 1977; Nilsson et al., 1980b). Later reskeavas conducted using laser diodes with a
wavelength of 780nm. This had the advantage ofelgagnetration and is also insensitive to

changes in oxygen saturation of tissue.

4.2 Photoplethysmography- Historical Review

Photoplethysmography is a non-invasive method tdafieg blood volume pulsations that
travel to the periphery of the body. The method lmamised to detect a number of different
conditions, but this thesis will concentrate onittentification of arterial and venous

insufficiency.

Palpation of pulses to determine the presencegoffgiant vascular disease has been used for
centuries (O'Rourke et al., 2001), however, byli&0s various plethysmographic

techniques had begun to be used to provide moeziig measures of the extent of disease.

Hertzman (1938) was a pioneer in the developmeRR$} as a tool for measuring the
superficial circulation. The device consisted gieacil flashlight bulb that emitted light at a
broad frequency and a photocell used to deteatetinening signal. His work investigated the
blood flow in the skin of healthy male individuasvarious positions on the body at rest,
such as the arm, leg, hand and trough. In the$g egreriments a filter was used in an
attempt to quantify the PPG signal; variationshie blood content of the skin volume under
observation are compared with the deflections eRRG trace caused by the insertion of a
filter into the light path. The amplitude of the®RBignal is then calculated in filter units.

Hertzman (1938) validated his PPG measurementspré¥ious studies that used
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mechanically recorded plethysmograms. These raugsdvere in complete agreement at rest
and during conditions of physiological stress sasltold, amyl nitrate, voluntary apnea and
valsalva manoeuvres. He also explored the effdatsdoicing oxy-haemaoglobin in the skin
vessels and found the PPG recordings respondéese thanges and therefore concluded
that these alterations in blood oxygen levels ctnlé possible source of error that may

invalidate the PPG signal.

However he did discover sources of error, a nurobarhich were due to his experimental
set up. There were the difficulty in keeping thiatige movement between the skin and the
sensor/light source to a minimum, due to respinatiwobe contact pressure with the skin
caused a drift in the signal, and variations ingphectrum of the light source, which was an
incandescent bulb, caused more significant problbans alterations in light intensity. Other
unknowns were the size of the vascular area urfogreation. Most of the changes in the
PPG signal he suggested were due to alteratiothe iskin blood volume directly beneath the
light source; however, backscattered light frontaumding tissue outside the probe area

could have an impact on the signal, but suggest&dhis would be minimal.

By investigating the changes in the amplitude ef G waveform from different
physiological tests and also on participants wityfaud’s disease, Hertzman (1938)

indicated the potential use of this technique mwestigating arterial pathology.

Burton (1939) examined the blood flow in human érggusing a mechanical
plethysmographic method. However, it was this wotk the range and fluctuations of blood
flow in peripheral vessels, and the excellent datien found between the amplitude of the

mechanically recorded volume pulses and blood ftothe finger that led Hertzman and
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Dillon (1940Db) to investigate the possibility ofos@ating the arterial from the venous flow.
The method involved a combination of resistive aapacitive coupled amplifiers which
could record changes in the blood volume and volpoige amplitude. The capacitive
coupling allowed a more accurate identificatiortheff volume pulses. However, attempts at
calibrating the volume pulse to filter units asdreffailed due to discharge characteristics of
the capacitors. Separate recordings of finger velamd finger volume pulses showed
excellent correlation when monitoring respiratong aasomotor activity. They associated
these changes in volume and volume pulse withah&alling arteries and therefore
concluded that the recording of the volume pulsa@lwas all that was needed for

information on the condition of the arteries.

Distinction of the venous component in the plethggram proved to be more difficult and

no definite conclusions were drawn regarding verflmys.

Earlier research had identified movement artefattvben the sensor and the skin as a major
source of error in the PPG signal. So, elaborasgtipaing rigs were developed to keep this
error to a minimum. Hertzman and Dillon (1940a) evene of the earliest teams to apply the
photoelectric plethysmographic technique to pemgheascular disease. They observed the
spontaneous activity in the blood flow to the firgyef normal subjects and a patient with
Raynaud’s syndrome and found there was a markéstelice between the two participants
and the affected fingers. In addition a male patserfifering with intermittent claudication of
both legs was investigated over a number of momieeforms were recorded on various
positions on the troughs on both legs at variaugsiand on some occasions using a
vasodilator. Overall they concluded that the PR&Brigjue was capable of providing

objective evidence regarding the superficial citioh in patients with vascular disease.
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A qualitative and quantitative correlation betwele@ cutaneous blood flow and the
mechanically recorded pulse in the finger measbyechanges in skin temperature or venous
occlusion technique had been demonstrated eaglisvd independent studies (Burton, 1939;
Goetz, 1945)Hertzman, Randall and Jochim (194%5empted to show that this correlation
existed between photoelectrically recorded cutas@olume pulse and cutaneous blood
flow. Arbitrary filter units were used as beforeqoantify the PPG signal and compare this
with blood flow in different parts of the fingendqualities in these measurements
invalidated the procedure, which were assignedisipal differences in the blood flow over
the surface of the finger. Some correlation wasifbim any one subject if mechanically
measured blood flow and the PPG signal are measutbd same area of skin. However,

overall a single usable calibration factor was uamiable.

Hertzman and Randall (1948) explored further tiggoreal differences in rates of cutaneous
blood flow at various points over the entire bogyH#G in two young adult males.
Measurements were taken from various parts of #mel htrough, trunk and head, and further
recordings from the arm leg and thigh. Individulaidal flow rates were calculated for each
body location and these were summed to obtainah¢ataneous blood flow. They found that
the rates of cutaneous blood flow are considerhiglger in the palm and the plantar surfaces

and in the skin of the face and head than in thektrarms and legs.

At this point a major step forward was taken tovgaadnore compact and user friendly
design that would greatly reduce one of the majoblem with PPG signal acquisition i.e.
movement between sensor and patient. Weinman anoddh (1962) used a photocell as the

detector instead of a photoemissive cell which vierge and insensitive to changes in blood
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flow, but were the best available up to this ti@pecial plaster of paris casts had to be made
to attach the photoemmisive cell and light souocthé patient. This made recordings
susceptible to the slightest movement betweendiasd device. The introduction of the
photoconductive cell changed the construction gredibwing a more compact design. The
cells operate by converting changes in light enéntgychanges of electrical resistance.
Therefore a simple, small and low cost circuit coloé built to convert these changes in
electrical resistance into fluctuating voltagesitive a recorder. The photoconductive cells
were also more sensitive to changes in light letreds photoemissive cells and are simply
attached to the area of the body under investigdtjoadhesive tape. The compact design
allowed the photocell and light source to be carcééd as one unit, which was not possible
up to this point. They also highlighted the impada of matching the correct light source

and photodetector.

PPG signal changes were studied in individual neivatssels in animals with a special
arrangement of microscope, light and recorder \gisa and Hertzman (1967). They
found pulses in the arteries down to arteriolage slout an absence in capillaries and veins.
The origin of the photoelectric signal was alscestigated. It was concluded that the pulse in
arterial vessels does not appear to be volumetracigin, but the factors contributing to the

arterial pulse are related to the orientation efehythrocytes during pulsations in flow.

Challoner and Ramsay (1978ed a fibre optic light guide to transmit lightthe skin

surface in conjunction with infra red filters toeeome earlier problems of the light source
heating the skin tissue and therefore affecting?R& signal. To compensate for any local
temperature changes a thermistor was fitted. Alsmctount for and reduce the influence that

changes in oxygen content in the blood have omgberdings, a near infra-red filter was
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placed between the photocell and the skin. By odlyeselecting a photocell at a particular
wavelength, the combined optical response of tleégdensor can be predicted and made to
operate at the isobestic wavelength. Thereby emgtinat the signal is largely unaffected by

changes in blood oxygen saturation.

An important advance in the interpretation andiargf the reflected photoelectric
plethysmographic signal was made by Nijboer andi®alil981). They investigated the
phase and amplitude of the reflected PPG signeitin-and in-vivo and found that the
variations in the reflected signal were in-phasthhe volume pulsations produced by the
specially constructed jig and pump. However, iveuihe reflected light is in anti-phase with
the volume pulses. It was suggested that the diffsx between the two experiments could be
explained by the reflecting and absorbing propgemiethe erythrocytes and how those
properties could be affected by the optical propsmf the surrounding tissue. They
concluded that the reflected plethysmographic signa anti-phase to the volume pulsations
because the absorbing property of the erythrocidesinates the reflective property. Thereby

an increase in blood volume produces a decreasdl@écted light.

With the recent developments in semi-conductorrteldgy, such as light emitting diodes
(LEDs), photodiodes and phototransducers, and tiaerower operating frequency, the
effects of altering light intensity and incidentwedength on the tissue and to the reflected
signal have been investigated (Ugnell and Oberg51®urray and Marjanovic, 1997).
Careful selection of light source operating wavgtarwill allow the user to penetrate
different depths of the tissue for the same optid&nsity. Blue light for example penetrates
the skin four times less than red light which reschetween about 0.5mm to 1.5mm (Jones,

1987). The correct selection of the wavelengthpgifcal radiation is also important because
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tissue is mainly composed of water, which absadid ktrongly in the ultraviolet and longer
infra-red wavelengths. Melanin, a pigment whicloisnd in the epidermis, also strongly
absorbs light in the shorter wavelengths. Ther®wever, a region in the absorption
spectrum of water that allows red and infra-retitlip penetrate the skin more easily.
Therefore red and infra-red light are often chasefollow changes in blood volume in the

skin (Allen, 2007).

4.3 Photoplethysmography- Current Use

4.3.1 Assessment of Blood Flow

Blood flow to the periphery has been assessedbefnye the advent of
Photoplethysmography. Palpation of the pulse wasecbout in ancient times to determine
physical health. With the invention of the sphygmagdn in1860, the palpation of the
peripheral pulse by mechanical means could be peef. This instrument, by means of a
pressure plate placed over the artery, tracecheutantour of the peripheral arterial pressure
pulse (Balthazar, 1866). This instrument was the-fanner of modern electronic tonometry
systems. The first investigations into the periphpulse using PPG were not performed until
much later (Hertzman, 1938). Therefore much ofearty knowledge of pulse wave
characteristics and the effect of physiological pathological mechanisms are based on
work investigating the pressure pulse. Consequemilich work has been done comparing

the PPG pulse to the pressure pulse.

As the pressure wave moves towards the periphehaitges in shape and temporal
characteristics, which are produced mainly frontertion of the pulse wave from the

periphery. Differences in pulse wave reflectiondaeen attributed to such physiological
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phenomena as growth and development, aging, phygiess, food, heart rate, exercise,
body height and gender and to disease conditiaets &1 hypertension, and heart failure.
Vasodilator drugs also appear to effect waveforaratteristics. However, in a number of
studies, analysis of pulse wave reflections doapgiear to be able to distinguish between
populations with different levels of atherosclesosi from sections of the population with

diabetes mellitus (Megnien et al., 1998; O'Routtkal.e 2001).

A number of studies have investigated the relahgnbetween the pressure pulse and the
PPG pulse (Millasseau et al., 2000); (Avolio, 20@&)len and Murray, 1999)lt is

understood that the peripheral pressure pulsersatdrom the finger or radial artery is
affected by pulse wave reflections mainly from lineer body. If these reflections are
reduced by using a vasodilator such as nitroglpeethen marked changes to the contour of
the pressure pulse are seen. The PPG signal alae slhanges in temporal characteristics in
response to nitroglycerine, however, it was notvkmaevhether the signals were influenced by
similar mechanisms. Millasseau et al (2000) queedtithe relationship between the digital
volume pulse and the peripheral pressure pulsevmstigating changes to these waveforms
from different patient groups. They concluded thatperipheral pressure pulse can be
predicted from the digital volume pulse and hasedr relationship across a wide range of
normotensive and hypertensive subjects and ovge kelnanges in both pressure and volume.
They also concluded that both the peripheral pressnd volume pulse are influenced by the
same vasodilatory mechanism. However even thouglPBG and peripheral pulse are
related to one another by similar mechanisms, @éneveontour is not the same. They also
found that in the frequency domain the volume pdises not contain some of the higher
harmonic frequencies as does the pressure pulssaatglcontour is relatively more damped.

Allen and Murray (1999) employed artificial neuretwork analysis, as well as other
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techniques, to model the linear and non lineatimiahips between peripheral pressure pulse
and the blood volume pulse in normal healthy subjéichey found the ANN using the

chosen identification techniques could simple dbsdheir relationship.

The PPG signal is produced from fluctuations inithensity of the back-scattered light due
to changes in blood volume flow in the micro-ciatidn. The signal can be basically
separated into two main components: A quasi D.Cpmrant which reflects the total red cell
volume below the skin, and superimposed onto thaniA.C component that is produced by
the fluctuations in blood volume directly benedth sensor. Therefore the A.C component
reflects relatively fast temporal changes, whike BhC component traces relatively slow
temporal changes in blood flow (Kamal et al., 1988 early as 1937 Hertman and
Spealman (1934escribed the appearance of the A.C. componehed?PPG signal as two
phases: The rising edge of the pulse called therati@a phase and the falling edge known as
the catacrotic phase. Physiologically, the firshig#nis produced by the systolic period of the
cardiac cycle and the second phase produced diméngdjastolic or resting period of the
cardiac cycle. The diastolic phase is particulaffected by wave reflections from the
periphery and in patients with healthy compliatn¢aes; there is normally a dicrotic notch

present on the falling or catacrotic phase.

The D.C and A.C. components are affected by a nuwidifferent physiological
mechanisms which have been attributed to low frequectivity of the sympathetic and
parasympathetic nervous systems and thermoreguldtigparticular the amplitude of the
pulsatile component (A.C component) and the tisdaed volume below the skin (D.C.
component) fluctuate in the low frequency regiame tb vasomotor activity, while

fluctuations in the period of the signal appedbeéanore intense in the high frequency region,
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i.e. respiration (Nitzan et al., 1998); (Nitzaraét 1995; Nitzan, Babchenko and Khanokh,

1999); (Nitzan et al., 1995); (Hyndman, Kitney éalers, 1971).

An additional parameter used to assess blood flahhas been studied extensively is pulse
wave transit time. With each heart beat, a pregsulse radiates to the peripheries and the
effect of this wave can be detected as changel®adlvolume under the skin by PPG. The
time it takes for the pulse to reach the periphsitak, such as the ear lobes, fingers or toes, is
significantly influenced by age, blood pressureghtand arterial disease. Some studies have
used the ECG R wave as the timing reference paohtlzen measured the time between this
and the onset of the pulse trough or peak (AllehMnrray, 2000b2002; Jeong, Yu and Kim,
2005).0ther studies have used the delay in the arrivi®@pulse between the finger and

toe. This therefore does away with the need for B€2@s (Erts et al., 2005); (Nitzan et al.,

2002).

The repeatability of unilateral and bilateral PWifiEasurements made at the ears, fingers
and toes within sessions and between sessionstwdisdsby Jago and Murray (1988). They
found that is was important to account for and mrguch factors as body position,
temperature, and acclimatisation as these affé@t&d T measurements. This study also
highlighted that the arrival time of the pulse degeeon site of measurement; the pulse
arriving at the ears first and the toes last. Téagability in taking bilateral PWTT and
amplitude measurements was investigated by AllenMumrray (2000b). A significant
difference between the right and left sides wasdoonly for PWTT to the toes, which was
accounted for in the asymmetry between the iliéeri@s. Their study provided a normative
set of amplitudes and PWTT measured at differenpperal sites and showed the bilateral

symmetry in pulse characteristics. In the same, ydlan and Murray (2000a) investigated
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the similarity in the pulse shape between the ragitt left sides of the body at the ears,
fingers and toes. They found that the pulse sh&pasthe right and left sides are highly
correlated at each segmental level. The disadvastelgPWTT measurement are blood

pressure and age, which are major confounders a$sessing PAOD.

Autonomic control of blood flow in skin micro-vedsdias also been investigated by spectral
analysis techniques (Bernardi et al., 199®)ey found a high coherence between fluctuations
in blood pressure, PPG and the ECG signals. Thegleded that skin vessels are under

central as well as local control.

Because PPG is a simple non-invasive low cost tqaknit has been widely used as a means
of monitoring changes in a number of physiologaradl cardiovascular parameters. It has
been used to monitor changes during anaesthesiéa@and Nijboer, 1985), and for
observing continuous changes in blood pressurpirati®n and heart rate (Jeong et al.,
2005); (Linberg, Ugnell and Oberg, 1992). PPG hss laeen used to monitor blood volume

to control hydration during haemodialysis (McMaleiral., 1996).

4.3.2 Assessment of disease

The potential of photoplethysmography as a mearstihating the effects of various
disease conditions on peripheral blood flow haslveeognised for many years. Hertzman
and Dillon (1940b)nvestigated the reduction in skin blood supplpatients with Raynaud’s
disease and on a patient with intermittent claustinaVisual inspection of the pulsatile
component and the quasi D.C component of the Pgtalsshowed a decrease in amplitude,

which was explained as evidence of arterial coctgtn. However at that time they were
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unable to apply any more objective or sophisticatealysis techniques to the signals,

therefore the information was limited.

43.2.1 Arterial Assessment

Much work has been done more recently investigatiegchanges in shape of the PPG signal
over different physiological conditions and pharwiagical effects. As mentioned previously
the PPG signal is affected by respiration, the satimgtic nervous system and other locally
controlled influences such as vasomotion, howewesd largely produce changes to the
amplitude of the PPG and leave the shape of treepubstly unchanged. Chowienczyk et al
(1999)infused vasodilatory drugs into the forearm of mmal concentrations such that it
produces no systemic reaction, but only local si@tmen showed that the amplitude of the
PPG increased but had little effect on the shapkeovaveform. They concluded that this
observation suggested that the contour of the R§talss influenced by characteristics of

the systemic circulation. An important study by LBrinberg and Blake (1955) classified the
finger signal into five different groups accorditagthe change in shape of the pulse, in
particular the gradual disappearance of the dickstive. The change in waveform shape,
from a pronounced dicrotic notch in young indivitbut no notch in older participants is
interpreted as the early arrival of the pressureewaflected from the peripheral circulation,
due to increasing stiffness of the conduit arteigeerebrin and Sherebrin (1990)
investigated how the pulse shape changed in tigeffias a function of age using spectrum
analysis. They found that there was a significaarease in the power of the second
harmonic frequency as a function of age. This tesnla gradual disappearance of the
dicrotic notch with age and a general roundinchefppulse. However, for these changes to be

of clinical use more objective measures have tddweloped.
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The effects of aging on the contour of the periphpulse have been studied using indices
made up of various parameters from the volume pMdasseau et al (2002); Millasseau

and Kelly (2003) proposed a Shape index (SI) areflection index (RI) as a measure of
vascular aging and their response to vasoactivgsdithe indices used timings and
amplitudes of different parts of the pulse contasian estimate of large artery stiffness. Their
results revealed that SI was strongly correlatetl age and pulse wave velocity (PWV), but
was not significantly affected by vasoactive drugsernately, Rl was weakly correlated

with age, but showed dose dependent increase agbactive drugs. They concluded that Sl

was a more reliable index of vascular aging than RI

Factors which influence the dynamics of the penighgulse have been investigated using
the second derivative of the PPG waveform. Thersderivative or the acceleration
waveform enables inflection points in the anacroticatacrotic phases of the signal to be
visualised with greater confidence and consists mimber of peaks and troughs
corresponding to these inflection points. Five poon the acceleration waveform have been
used as indices of certain physiological mechanmnaspathological conditions. Particular
indices have been shown to correlate with age &atlpressure in a hypertensive
population (Hashimoto et al., 200Bowever their success at detecting arterial compéa

related to atherosclerossunclear (Takazawa et al., 1998; Bortolotto et2000).

Examining the change in shape and characteristidteed®PG signal for the diagnosis of
lower limb peripheral vascular disease (PVD) hanhbavestigated. Analysis and
classification of the PPG pulse from the greatimogatients with atherosclerotic disease has
been performed using artificial neural networks @deer et al., 2007). A single normalised

toe pulse was used as the input to the ANN andukguts represented the diagnostic
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classification, i.e. normal, significant PVD or maPVD as trained by the ankle to brachial
pressure indices (ABPI). The results showed a digbgnostic accuracy of 90% and showed
that a ANN can be trained to distinguish betwee® PRIses from normal and diseased

lower limb arteries (Allen and Murray, 19931995).

Age related changes of pulse shape characterastitpulse transit times (PWTT) measured
using PPG at ears, fingers and toes was examinédldrsyand Murray (2002, 2003Jhey
found that age was the strongest contributor to Pi€&surements at all sites, referenced to
the ECG R-wave. Systolic blood pressure also saamfly contributed to PTT measurements
and height contributed to just the finger and towes. The change in shape to the peripheral
PPG signal was determined by measuring changée tystolic rising edge and damping of
the dicrotic notch. They found subtle, gradual aigghificant changes to the systolic rising
edge and to the damping of the dicrotic notch amttltided that age matched normal range

must be considered when evaluating pulses fronemiatwith vascular disease.

With the normative sets of data gathered regarBWg T and pulse shape Allen et al (2005)
compared patient pulse data with these normativgemwith the intention of estimating the
accuracy of pulse timings, amplitude and shapé®PPG signal at the toe for detecting
lower limb arterial disease. A shape index (Slfedent from the shape index produced by
Millasseau et al (2002), was developed to quawtignges in contour of the great toe signal.
Bilateral as well as unilateral differences in PWaAd Sl from patients with low or high
grade arterial disease were compared with healthyests using ABPI as the gold standard.
PWTT, amplitude and SI were ranked according to thiegnostic value for detecting lower
limb PVD. They found that for individual great toeeasurements, S| performed the best at

detecting peripheral arterial occlusive disease@dPAwith a diagnostic accuracy of 90% and
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pulse wave transit time to the great toe perforthedvorst with a diagnostic accuracy of
78%. For bilateral differences in great toe pulpedse wave transit time performed the best
with a diagnostic accuracy of 88% and Sl had anraoy of 82%. They concluded that

PWTT and their derived Sl could be used to det&P with confidence.

Bilateral PPG study of one-sided arterial stenleticdisease was conducted by Erts et al
(2005). In particular they measured the differeimcine arrival of the blood volume pulse at
the toes, between the right and left legs for padigvith unilateral stenosis and compared
these PWTT with healthy subjects. They found aiS@ant increase in the time delay
between bilateral measurements of PWTT on patieitksPAD when compared to bilateral
PWTT measurements on healthy subjects. In thisygshely also noted a significant change
in shape of the PPG signal taken from the toe betvibdateral measurements from patients
with unilateral stenosis. There was no equivalegriiicant change in shape in healthy

subjects.

A number of PPG studies looking at the alteratibblood volume pulsations in the toes
before, during and after changes in limb positiamehbeen conducted. These studies take
advantage of locally mediated myogenic vasodilegeponses or more centrally controlled
responses from the autonomic nervous system. Tegséatory controls respond to the
pressure changes at the periphery induced by gheléeation. Perfusion pressure at the
trough is reduced if the trough is raised aboventeat. This triggers local compensatory
mechanisms mentioned above in an effort to mairgdequate blood flow to the tissues. In
patients with PAD or diabetes mellitus it is sudgdghat these local regulatory actions will
already be in effect. Therefore further demandsroreases in blood flow to the tissue from

changes in pressure due to alterations in legiposaill be partially or completely
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ineffective. This effect is manifested in the PR@hal and can be compared with equivalent

signals from healthy controls as a means of scngdior PAD (Alnaeb et al., 2007).

The change in amplitude of PPG derived toe pulsdglzeir correlation to toe systolic blood
pressures has been investigated in the assesshibatseverity of peripheral arterial disease
and critical limb ischaemia (Carter and Tate, 1996gy found that the toe systolic blood
pressures were lower in patients with PAD when canegh to healthy controls and that the
amplitude of the PPG pulses was also correspondiagl. They concluded that the addition
of pulse wave recording by PPG and specifically tow pulse amplitude was related
significantly to increased risk of amputation amgth in patients with PAD (Carter and Tate,
1996, 2001)The change in shape of PPG toe measurements treatpgroup consisting of
lower limbs with varying degrees of arterial stasagas analysed by Oliva and Roztocil
(1983). They analysed the toe pulses by splitiegwaveform into thirds and producing an
index base on the width of the pulse one third dénem the peak and the pulse length.
When they compared the amplitude ratio of steriotibs to young healthy individuals the
results showed 80.8% sensitivity, and rose to 1@@#n comparing legs with complete
occlusions. However the sensitivity dropped to 8®when comparing healthy individuals
with an average age of 50 years, but they stilhébi00% sensitivity for completely

occlusive legs.

4.3.2.2 Venous Assessment

Since the first direct measurement of venous pressithe lower limb by Barber and
Shatara (1925) marigvestigations have been conducted analysing theuse
haemodynamics of healthy subjects and patientsweititous pathology. Venous pressure

measurements have functioned as the gold standdheya can demonstrate the presence of
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venous insufficiency, quantify its severity andetatine the relative contributions from deep
or superficial valvular dysfunction (Nicolaides addkowski, 1986). However since this is
an invasive procedure, involving the insertion ofe@dle into a vein on the dorsum or medial
aspect of the trough, it has not been widely a@kps a routine clinical test. Since
plethysmography and in particular photoplethysmplyyais a non-invasive procedure which
can be used to investigate blood volume changgiskin, numerous PPG investigations of
venous haemodynamics and disorders have been deddiany of the early investigations
examined the correlation of PPG derived signalb wénous pressure measurements. Light
reflected signals were recorded at medial mallelgusl as studies had shown that this was
the best position to achieve the best separatitwaees healthy controls and patients with

venous insufficiency (Rosfors, 1990; Rashid, 1996).

Initial tests concentrated on measuring the vemefilstime (VRT). This utilises the quasi-
D.C part of the PPG signal, which represents tbelglchanging venous portion of the
signal. A zero or baseline level is achieved wiih subject at rest either sitting or standing.
They then perform a predetermined number of derdidins, approximately 10 within a
certain specified time approximately 15 secondsiguhis exercise, a pressure drop in the
deep veins encourages blood in the venuoles aretfauigl veins to drain into the deep
venous system. This emptying of the superficiahg@auses the baseline of the PPG signal
to increase in the positive direction. This congiswntil a maximum emptying of the
superficial veins occurs, whereby the deflectedaitpegins to return to the baseline level
after completion of the exercise programme. Sldillirgy of the veins ordinarily occurs only
as a result of arterial inflow. However, patienthwalvular dysfunction experience venous
reflux which refills the veins by gravity beforesthare filled by normal inflow from the

arterial side, therefore reducing the venous rpfilhse. If there is an abnormally short venous
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refill time the procedure is repeated with a pneticrauff inflated to a pressure that occludes
the superficial veins, but not the deep veinghéf tefill time is now normal then the patient
suffers from superficial venous incompetence, hawévthe refill time is still abnormally
short then the patient has deep venous incompetéhemethod however is severely

limited by the ability of often elderly patients perform the exercise adequately. However, a

series of simple calf compression squeezes carawver this problem.

PPG venous refill times have been shown to corelat| with venous pressure recovery

times (Abramowitz, Flinn and Bergan, 1979; Nicoksdand Miles, 1987; Williams, Barrie

and Donnelly, 1994). Nicolaides and Miles (198Wugh, found tha®PG refill times could

provide a good separation between normal subjectpatients with venous insufficiency

when the test was performed in the standing posibat not the sitting position. They also
concluded that the test is qualitative becauselaflaof correlation between the short

refilling times with deep venous insufficiency aaahbulatory venous pressure.

An investigation by Norris, Beyrau and Barnes (1)98&lored a technique which used
guantitative PPGThis was achieved by adjusting the gain of the nedmobetween the sitting
and standing positions so that the recorder messoagimum deflection. This maximum
deflection then corresponds to the measured disthetween the right atrium and the
position of the PPG transducer. The calibrated Big@al was then validated against
ambulatory venous pressures (AVP) measured at sdé Quantitative PPG correlated

closely with AVP.

A major advancement in the technological side dePReasurements came in the 1990s with

the development of an automatic optoelectronicadigalibration procedure. Blood volume
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changes measured by PPG are influenced by a nwhfaators such as damping of the
optical signal from skin thickness and pigmentatmrel, and the degree of skin perfusion
affects the initial blood volume under observatidowever the major problems that affected
non-calibrated PPG systems were skin thicknessalodr. Different skin conditions, such

as those mentioned above, could produce differendeBG signal amplitude for the same
blood volume change. Quantitative plethysmograpigtems adjust the intensity of the
emitted light until the reflected signal reachaetefined level. Therefore every skin type has a
constant starting value. This brings a number ghathges such as intra-individual
comparison of PPG signals, quantified PPG signallitude in PPG% and different
guantitative PPG units can be compared (BlazekSondiltz-Ehrenburg, 1996; Ulrich

Schultz-Ehrenburg, 2001).

With the advantages of quantitative PPG, a numbadditional and more elaborate venous
tests were developed with a number of active osipadests that involved the patient
standing, sitting or supine. The tests also invibltree use of tourniquets or cuffs at a number
of positions on the lower limbs to occlude venouslow. The graph recorded is then
examined and divided into an emptying and fillifgape with various points on the graph
corresponding to functional parameters that canseel to assess venous function. The three
main venous tests used are: Muscle Pump Test; ®eatusion Test and the Vein Pressure
Test. These tests used parameters such as velioggifines, venous outflow, venous
capacity and venous pressure measures to quastiyug function (Fronek, Minn and Kim,

2000; Ulrich Schultz-Ehrenburg, 2001).
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The three basic tests have been used extensivalydstigate and assess a number of venous
disorders such as varicose veins, post thrombgtidreme and deep vein thrombosis

(Thomas et al., 1991; Abbott, Diggory and Harr@93; Sproule, 1997).

The tests described so far have in some way redjtie use of cuffs, tourniquets or some
patient movement to assess the condition of thewesystem. This limits the applicability,
both in the range of patients and ease of use; \vwaenumber of studies have investigated
vasomotion in patients with chronic venous insugficy using laser Doppler technology
(Cheatle et al., 1991; Chittenden et al., 1992ndaét al., 2009; Heising et al., 2008).
these studies no cuffs or tourniquets were usedtangatients remained supine throughout
the study. Some of them performed local skin hgatnnvestigate the different effect this
may have on healthy patients and patients with W& results of the studies showed a
statistically significant difference in the amptieiand frequency of vasomotive waves
between the healthy and patient group. Cheatle(#081) were able to show a statistically
significant difference between all three patiemugs: lipodermatosclerotic, uncomplicated
varicose veins and controls. Hafner et al (200®isig et al (2009) used more advanced
wavelet analysis to investigate laser Doppler vasgtam in patients with CVI. In particular,
Heising et al (2009) separated the laser Dopplevel® skin blood flow signal into its
dynamic frequency components: myogenic 0.06-0.16rékpiration 0.16-0.6 Hz; and heart
rate 0.6-1.6 Hz. They found that there was a Sicanit difference between patients and
healthy subjects in these frequency intervals anthér more, the main energy peak height in

these frequency intervals increased with the sgvefivenous disease.
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5 Equipment and General Methods

This chapter is an overview of the general mettedployed and a description of the
equipment used to conduct the research study. ataevekre collected using three different
modalities: ultrasound imaging to assess the |dwdy vessels for arterial and venous
disease, pressure measurements at the ankle aedfapgarm to assess for any pressure
changes due to stenotic disease (arterial methdgisand photoplethysmography (PPG) to
measure intensity of the reflected infra-red signdiich is proportional to blood volume

flow.

This study was given ethical approval by the Sdtdakt Wales Research Ethics Committee —
Panel D on 2 May 2006. (ref: 06/WSE04/25) Inforngcedsent was obtained from all

volunteers.

5.1 Study Design

Subjects in the healthy, arterial and venous desgasups were taken from people visiting
the Doppler Department at the University HospifalMales for an ultrasound investigation.
These comprised of GP referrals and organised beipappointments. If after the
ultrasound examination they were found not to herterial or venous insufficiency, then
they were placed in the healthy group. Firstlyiters to the department had an ultrasound
scan performed to learn whether they were suitzdnelidates for the study. If appropriate,
potential candidates were asked if they would fkparticipate. Subjects were excluded
from the arterial study if they had significantratéic disease of the upper limbs, if they had
Raynaud’s disease or if they had previous loweb lgraft surgery. Subjects were excluded

from the venous study if they were diagnosed aglgaan acute DVT, previous venous
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stripping or limb tremor. Volunteers were then take a temperature controlled room where
they were asked to expose their lower limbs. Subjecthe arterial study were asked to lie
down, while subjects in the venous group were askeit in a chair. Additional information
was then gathered while the patient rested foragef 10 minutes. This was to ensure a
level of cardiovascular stability. Following thRBPG signals were acquired and stored for
later analysis. Once the PPG signals had beemealotaa further ABPI measurement was

taken for the arterial group only.

All five types of scans, arterial PPG, venous PRBRI| and lower limb arterial B-mode and
lower limb venous B-mode were performed followihg standard clinical protocols which
are described in more detail in section 5.3. Abljeats in the arterial group were over 40
years of age. This age criterion was set so abtairoa similar age range for the cases and
for the healthy group. The age range in the vestudy comprised the normal volunteer

group: 8 under 40yrs and 16 over 40yrs; the pagemip: all over 40yrs.

Once the waveforms were obtained from the normélpatient groups, they were processed
and conditioned using Matlab software so that ttmyld be analysed later and relevant
parameters taken from the waveforms. Once theteféeparameters were found a program

was written in Matlab which classified the wavefermto predetermined groups.

5.2 Equipment

All the subjects in the trial had ultrasound scahthe lower limbs and PPG signals recorded
for comparison and later analysis. Subjects irattterial study had a further ABPI test

performed. Further details of each test are outline
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5.2.1 Toshiba Xario System

The Toshiba Xario system is routinely used foricahmeasurement of vascular disease in
the Doppler Ultrasound Department at UHW. It iophssticated colour flow duplex system,
optimised for the assessment of peripheral vascisaase and has a range of transducers
available for different vascular imaging applicaso Patients with certain types of body
composition and differing levels of adipose tissaa be difficult to scan. Because the
structures of interest can be at different deptiisinvthe tissue, probes of different
fundamental frequencies can be used to optimisarthge. Harmonic imaging is an
additional technique which uses the harmonic fraqigs of the reflected ultrasound signal to
enhance the contrast and grey scale image. Fosttidy, the lower limb vessels were
assessed using the PLT-604AT linear probe emplayssge harmonic imaging at 6.6MHz,
which is the optimal frequency for imaging the \adssn the lower limbs, (the depth of the
vessels range from approximately 2 cm to 6¢cm) antsiepl wave Doppler at 4 MHz
fundamental frequency. For the arterial study igeries were assessed using the PVT-
375BT curvilinear probe employing tissue harmomeaging at 4MHz (the iliac vessels
travel deeper in the abdomen than the vesselilotter limbs, reaching 8-10cm in some

cases) and pulsed wave Doppler at 1.8MHz fundarhatpency.

5.2.2 Arterial Equipment

All subjects in the arterial study had blood volumeasurements taken using both a

Huntleigh Assist and pocket Doppler. Further detare given below.

5221 Huntleigh Assist

The Huntleigh Assist is a portable vascular assessiool, (Figure 19), with the ability to

measure and record dual arterial and dual venoGsdRfhals, a pulse volume recording and
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Doppler colour spectrum waveform analysis. The hag connectors for two probes and this
allows it to be used in single or dual probe camfagion. Each probe houses an infrared
emitter (LED) that emits light at a wavelength dD@m and a photodetector. The probes are
attached to the skin by a transparent double-stekly pad. The signal detected by the
probe is sent to the main unit where it is disptbgiad stored for later use. The data can also

be transferred to an external memory device fah&rranalysis.

—————
[ E& Hunticigh

Figure 19 Huntleigh Assist

5.2.2.2 Huntleigh Pocket Doppler

The Huntleigh Pocket Doppler provides bidirectioblalod flow information. Clinically it

may be used to assess patients for sites of venocoispetence, or used to assess patients for
arterial insufficiency of the lower limbs when tagiankle brachial pressure indices (ABPI).

In this thesis it was used in the latter. Thera choice of 8 MHz or 5 MHz probes and

pneumatic cuffs to fit limbs of different diameters
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5.2.3 Venous Equipment

The Assist assesses venous insufficiency by penfigrithe Muscle Pump Test, (section
3.2.9.3.1). Therefore it is programmed so thatstiigect performs certain manoeuvres in a
predetermined order specified by metronomic timthgse last for approximately 45

seconds. For these reasons the Assist is unsuftalilee venous tests in this thesis.

The venous unit used in this study is a four chbpheto plethysmography (PPG) system.
The unit was manufactured by ArjoHuntleigh UK &ihbt commercially available as a
product at present. The system main components are:

* Main unit including analogue opto-transmitter aedaiver circuits, A/D convertor

with USB interface and rechargeable batteries.

* Four opto-transducers with integrated pre-amplifier

* Laptop P-C & software

* Mains battery charger
The main unit electronics are contained withinaadard multi-purpose aluminium
instrument housing. The system includes four PP@-tpnsducers. Each transducer
incorporates an infra red LED of wavelength 890amd a matching photodiode. Also
included is a miniature printed circuit board camitag an infra red pre-amplifier circuit. In
order to transmit and receive light to and fromplaé&ent tissue, the LED and photodiode
protrude a small way through the front of the ptasbusing. The opto-components and the
amplifier circuit are enclosed in a circular plagiousing. The main unit contains two 12V
NiMH re-chargeable battery packs. The batteriescharged from a regulated 20V supply

within the external charger.
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One PMD-1608FS from Measurement Computing is pexvid order to convert the
analogue PPG signals to digital and transfer thiena single USB cable to the laptop
personal computer. The four analogue PPG signalsannected to analogue to digital
converter input channels. The converter is a 18dmcessive approximation type, and it
derives its power from the USB port. The bandwigltthe unit is 0.06Hz to 50Hz maximum
The PPG unit is interfaced to the PC via its USBau Continuous PPG data is transferred

to the PC and is stored for analysis off-line.

5.3 General Methods

531 Lower Limb Arterial Ultrasound Scan

When scanning the lower limb arteries, the pati@nsupine on the scanning couch with the
lower limbs exposed. The distal CFA was imagedtaedoppler waveform was assessed
visually for any loss of triphasic flow or roundinf the waveform due to significant iliac
disease. If the Doppler waveform showed indicatiointhis then the iliac arteries were
assessed for the presence of artheroscleroticsdisesang the curvilinear probe and the
Abdominal Vascular setting. The scan continuedatlistrom the CFA assessing the SFA
and popliteal arteries in the longitudinal planging the linear probe and the lower limb
arterial scan pre-set. The extent and severitypfaaterial disease was assessed using triplex
mode by measuring the peak systolic velocity (PBM) the Doppler waveform just
proximal to and through the stenosis. The sevefithe disease could then be classified
using the following standard criteria given in Talil. Once the lower limb arterial scan was

complete, both upper limbs were scanned for eviel@h@ny arterial stenotic disease
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PSV Ratio % Stenosis

<2 Not haemodynamically significant
2 50% (moderate)
>3 >70% (tight)

No colour flow Complete occlusion

Table 1 shows how the stenoses were graded accoglio PSV ratio of velocities

A complete occlusion was confirmed by reducingdbleur scale and/or using power

Doppler.

The data from the patient group were classifiesbating to the level of artherosclerotic
disease present by triplex imaging. Patients wilkast one stenosis in the lower limbs of
between 50-70% were classified as having moders¢aske and placed into the moderate
disease group; patients with at least one stehesrgeen 70-99% were classified as having
significant disease and placed into the significaotip and patients with an occlusion were

placed in the occlusive group.

A total of 46 normal subjects (27 males) and 57epéd (32 males) with lower limb

peripheral arterial disease were included in thdystwith age ranges of 40-83 and 40-86
years, respectively. There were no lower limb amesit giving toe pulse data from 66 legs in
the normal group and a total of 66 legs in thegmatgroup. Using the duplex classification of
arterial disease shown in the table above themgagi®up had 20 legs in the moderate disease

group; 25 legs in the significant disease grouplegs$ in the occlusive disease group.
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53.2 Arterial PPG Method

Arterial subjects lay with their lower limbs expdsand a blanket over the troughs to reduce
heat loss for a period of 10 minutes before angagwere recorded. During this period,
relevant patient details were obtained and recoredt the two Assist PPG probes were
placed on the volunteer’s right hand side of théyhat the great toe and index finger,
ensuring that both sites were clean and dry, (Ei@drand Figure 21). Subsequently, blood
volume recordings were taken for the pre-set ressbtane of 10 seconds into the dual

channel Assist. This procedure was repeated fdethside of the body.

Figure 20 Probe placement and subject position fadata acquisition
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Figure 21 Both APPG probes used in the study. Gredbe probe (left), finger probe

5.3.3 Ankle Brachial Pressure Index (Arterial Subjects Only)

With the patient lying supine, an appropriate sipedumatic cuff was placed around the
volunteer’s ankle. A Doppler probe was positiongdrahe dorsalis pedis artery and the cuff
inflated to a supra-systolic pressure so that ttegial pulse could no longer be heard. Slowly
the pressure in the cuff was decreased until ttegiar pulse resumes, at this point the
pressure was noted, and was identified as the pes@lic pressure. This procedure was
repeated for the posterior tibial artery locatedtpoor to the medial malleolis. The procedure
was repeated for the other leg. Next a cuff isglaaround the upper arm and a Doppler
probe is placed over the brachial artery untilibechial pulse was audible. The cuff was
inflated to a pressure that occluded the arterythed the pressure in the cuff was reduced
until the audible pulse resumed. This was the hahslgstolic pressure. This procedure was
repeated for the other arm. To obtain the volurdeeght ABPI, the higher peak systolic

pressure at the right ankle is divided by the higlystolic pressure between the right and left
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arms. Similarly the volunteer’s left ABPI, the haghsystolic pressure at the left ankle is

divided by the higher systolic pressure betweerathes.

534 Lower Limb Venous Ultrasound Scan

Firstly, potential venous subjects were scannezkttude the possibility of an acute DVT, as

many of the patients referred to us from GPs hagsd signs and symptoms. This protocol is
written below. Once a DVT has been excluded, a tdiw# venous assessment is conducted
to assess the deep, superficial and perforatosvenreflux greater than one second. This

assessment is explained later.

The assessment for above knee DVT was performdutigt subject supine. The CFV was
imaged so that volume flow changes due to respimatould be detected. If no changes were
detected, this would indicate significant iliac wes disease and so the veins in the abdomen
would be assessed for any obstruction. If howetesie flow was detected, scanning would
continue distally observing any phasic flow in 8V and popliteal vein. If spontaneous
venous flow due to respiration changes was not gesnvenous blood flow was augmented
by manual compression of the subject’s leg withdperator’s free hand. Flow in the vein
would be evident on the ultrasound scanner as céilbng and therefore indicate that

portion of the vein was patent. A widely acceptesthiod of excluding thrombus is vein
compression with the ultrasound transducer. Thighatewas used if manual compression by
squeezing the subject’s leg did not initiate colfilling. Scanning would continue in this
manner assessing the patency of the deep venaesnsyche assessment for below knee
DVT was performed with the patient sitting and legpendent. The deep tibial veins were

assessed for patency.
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The deep and superficial venous system was asstgsasampetency with the subject
standing. Venous incompetence was classified sxrgfeater than 1 second (Evans et al.,
1998) in the veins associated with each venougsyst accordance with the CEAP

classification system, (Appendix B). However thagmlly accepted value is 0.5 seconds.

535 Venous PPG method

Before the test commenced, subjects sat with Idévwdas exposed and their details were
taken while they rested for a period of 10 minufdse PPG probes were placed 10cm above
the medial malleolus and behind the knee on bgtit and left legs. The subject was told to
breathe normally, and to sit in a chair as stilpassible for the duration of the six minute
test. Even though signals were recorded from bmtlet limbs simultaneously, only the
signals from a single leg were taken forward fatifar analysis. After completion of the test,
the trace was visually inspected on the PC scrednfahere were any obvious major

deviations in the amplitude of the signal from nalnthen the test was repeated.
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5.4 Statistical Tests

In the remaining sections of this thesis a numibelifterent statistical tests were performed
to compare data groups or to evaluate a diagntesti@gainst a ‘gold standard’ test, which,
in this case, is duplex ultrasound. An explanatibthe meaning and reasoning behind these

tests follows.

5.4.1 Scatter Diagrams

Scatter diagrams are used to show the relatiofstipeen two continuous variables.
Additionally, data that are separated into grougrstee compared, which is useful to check

the assumptions of some analytical methods. S¢®sdéc3.

5.4.2 Box-plots

Sometimes we want to summarise a frequency disimibin a few numbers for ease of
reporting. A five figure summary can be used conepas the median, quartiles, maximum
and minimum to describe the data. The median isé¢héral value of the distribution. The
guartiles divide the distribution into four equalrfs and for example the second quatrtile is
the median. The box shows the distance betweeiirshand third quartiles, with the median
marked as a line and the vertical bars show themmds. An observation that is 1.5 times or

more the length of the box may be called an outBee section 7.4.

543  Q-Q Plots

The purpose of the quantile-quantile plot is teed®ine whether the data collected is drawn

from a specific distribution, in this case a Norrdatribution. If the distribution of the data is
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from a Normal distribution the plot will be closeltnear. The reference line on the graph
represents the corresponding quantiles of the ¢ieat Normal distribution. The plotted data
points represent the quantiles of the sample tfatze data are not from a Normal

distribution then the line will not be straight,ttaucurve.

544 Sensitivity and Specificity

Sensitivity and specificity are the most widelylisgd statistics used to describe a diagnostic
test. The diagnosis and the test results are cenregildo be either positive or negative. True
negative (TN) results are those in which both tiagmbstic test and the gold standard test are
negative; true positive (TP) results are thosehictv both the diagnostic test and the gold
standard test are positive. False negatives (F&dharse in which the diagnostic test is
negative, but the gold standard test is positidécating the presence of disease. False
positive (FP) results are those in which the diagiodest is positive, but the gold standard is

negative, indicating the absence of disease.

Sensitivity= L Equation 7
TP+FN
Specificity= % Equation 8

Sensitivity is the ability if a test to recogni$e presence of disease and this is calculated by
dividing the number of true positive results by tb&l number of positive results obtained

by the gold standard. Specificity is the abilityrézognise the absence of disease and is
calculated by dividing the number of true negatesults by the total number of negative

results obtained with the gold standard.
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5.4.5 Receiver Operator Characteristics

The results of diagnostic tests may not be asyedsissified as positive or negative. For
example the degree of arterial narrowing can rdraye none to total occlusion.
Additionally, a threshold level or cut-off point siLbe selected to divide positive from
negative results. Where this cut-off point is sétave an effect on the sensitivity and
specificity of the test. ROC curves can be usetbtapare the accuracy of tests at various
thresholds. They are constructed by plotting tmsisigity against (1-specificity) at various

thresholds.

5.4.6 Hypothesis Testing On Means

Hypothesis testing involves deciding between twssade hypotheses:qtbr the Null
Hypothesis where there is no difference betweemtéans of the populations from which

our samples were drawn and tHe Alternative Hypothesis, the case where theeetiue
difference between the population means. To datide or H; is true a probability or p-

value is calculated. The p-value is the probabitiy difference observed between the sample
means is a chance finding due to sample variafidarge p-value indicates there is a high
probability that an observed difference is dueaimgle variation; a small p-value indicates
there is a low probability that an observed diffeeis due to chance. Therefore small p-
values indicate a real or significant differencéAms®n the means. It is common practice to
reject H, or the Null hypothesis when p<0.05 or not to rejggivhen p>0.05. The lower the

p-value, the stronger is the conclusion thgshkbuld be rejected.

To test the difference between the means a tdgstrformed. The type of t-test performed
will depend on whether the data are paired, ijgeated data on the same group e.g. before
and after treatment, or whether the data are uregaie. independent groups e.g. males and

females. The t-test however makes certain assungpéibout the data: for paired data the
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differences are normally distributed; for un-paitkd variable of interest is normally
distributed. Tests performed on data that follovéoamal distribution are called parametric
tests. When we have small samples or non-normadtyiloited data alternative non-
parametric tests can be used. These do not makmpssns about the distribution of the
data, but are less powerful. The non-parametris t@s paired data is the Wilcoxon Signed

Rank Test; for un-paired data there is the Manntkiélyi U test.
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6 Arterial Research

This chapter is divided into three main sectiohe:first explains the methods used to sort
and process the signals before any analysis isipeel; the second section explains the
methods used in a preliminary study conducted subgroup of arterial subjects to
investigate which measurement parameter to usiffitrer analysis; and the final section

reports the main arterial results.

6.1 Arterial Patients and methods

The patient group consisted of 57 subjects, 32 ameh25 women (mean age 67 years), with
an age range of 40-86 years. This provided a ¢6t@6 legs with stenotic disease between
moderate and occlusive disease. The moderate gongisted of 20 legs; the significant
group consisted of 25 legs and finally the occlagivoup consisted of 21 legs. A group of 27
men and 19 women (mean age 62 years,) were chesha aontrol group, with an age range
of 40-83 years. Both patient and control groupsemwent a duplex ultrasound scan; the
control group to rule out any stenotic arteriakdise and the patient group to classify the
location and severity of stenotic arterial disga®sent. The distribution and severity of

arterial stenotic disease is shown in Table 2. #&slmeen seen the majority of

Moderate Significant Occlusive
lliac 2 12 2
Femoral 16 12 18
Popliteal 1 1 1
Tibial 1

Table 2 shows the location and severity of stenotiesions in lower limbs of patient group
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stenoses were confined to the femoral artery; hewthere were a number of significant
iliac lesions. The legs were categorised accortbrigcation and severity of stenotic disease
present. If more that one stenosis was presemt,ttigeleg would be categorised according to

the more severe disease present.

Once the data were transferred into Matlab, thea datre organised into 4 separate groups
based on degree of arterial disease present. Bhgsrips were: Controls; moderate disease
only, significant disease only; occlusive diseasky.0A further 2 groups were produced,
combining different diseased groups namely: sigaift and occlusive disease and finally

moderate, significant and occlusive disease, (Taple

No Separate Non Disease and Disease Groups
1 Controls

2 Moderate

3 Significant

4 Occlusive

Combined Disease groups

5 Significant and Occlusive

6 Moderate, significant and occlusive

Table 3 Table showing individual and combined disese groups

In general the data were analysed in three diftesays. Firstly, PWTT were calculated for
each healthy control and patient from the 10s stfipPG data obtained. Secondly, total area

under the normalised PPG pulse was calculatedeosaime subject groups using the same
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10s strip of PPG data. Once these parameters Wwaamed sensitivities and specificities
could then be calculated and the two methods cozdp@mnd thirdly, combining PWTT and

total area calculated previously to consider i§ tould improve on individual results.

The following section is a more detailed descriptod how these parameters were calculated,

firstly looking at PWTT, then area and lastly a ¢comation of the two.

6.1.1 Preliminary Data Processing

The D.C offset was removed from each toe and fimgereform. Following this, the
breathing component was removed by using a Filtiiction in Matlab. This function
operates by filtering the input signal twice, omté¢he forward direction and then reversing
the output and passing it through the filter on@@enThe output from this stage is then
reversed, giving the required filtered signal. Tiitering procedure is carried out to
eliminate any phase differences between the inpdibaitput filtered signal that would
otherwise be introduced by a single pass filtegraress. The Filt-Filt function operates on
the co-efficients produced from a second ordenitdiimpulse response high pass
Butterworth filter whose 3dB cut-off was set tol8z6 Any noise on the toe and finger
signals was then removed using a 100 point unsynuakmoving average filter. This
operates by averaging a number of points of thetigjgnals, in this case 100, to produce
each point in the output signals. Unsymmetricaragieg uses only the data points to one
side of the output point, as opposed to symmetaeataging which uses the data points
symmetrically either side of the output point. Umsgetrical averaging was chosen because
it meant for easier programming, however it do&é®duce a relative shift between the input
and output signals. But as this relative shift @sdo both finger and toe waveforms, both

signals are equally affected, therefore the timaydeetween the finger and toe waveforms
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did not alter. The moving average filter condigdhe signals and therefore makes
identification of the signal peaks and troughs&astigure 22 shows a block diagram of the

signal conditioning process.
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Figure 22 Signal conditioning process.
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6.1.2 PWTT Analysis

Before pulse wave transit times could be calculatdeen the finger and toe waveforms,
the pulse troughs and pulse peaks were identifie. was done by calculating the gradient
between successive points on the anacrotic phasacbfof the PPG pulses. The zero cross-
over positions of the subsequent gradient pointewsed to locate the pulse troughs and
pulse peaks of the toe and finger waveforms. Theecbidentification of these points can be

seen in Figure 23.

The peaks and troughs of the finger and toe wakefavere identified by plotting the
gradient of these pulses. The points where thehgoathe gradient passes through the x-axis
indicates where the gradient of the toe and fipyéses were zero. These points correspond
to the troughs and peaks of each of the pulsesrthke-up the toe and finger waveforms.
Since only the positive going part of the toe anddr pulses is required to identify the
trough and peak only the positive part of the gratiplot was needed, therefore the negative
half was discarded. Next, the maximum value of ek in the gradient plot was stored in
a rectangular matrix so that this could be usedentify the peak of each pulse in the toe and
finger waveforms. Following this, the overall maxim peak pulse could be identified. To
eliminate any incorrectly indentified pulse peaksach may be due to noise, a range of
threshold-hold values were tested. Subsequentjypalse peaks less than 45% of the

maximum pulse amplitude were discarded.

Once the main peaks from the gradient plot werstified, they were used to locate where
the peaks of the toe and finger pulses occurréighi@. With this time information, the

program counted back from the peak in the gragitaitto the zero value to obtain the
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location of the trough, then counted forward tozbeo value to locate the peak of the toe or

finger pulse.
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Figure 23 Location of troughs and peaks on fingerrad toe waveforms.

Once identified the troughs and peaks of the finggreforms need to be matched in time to
the troughs and the peaks of the toe waveforms dinsures that with each heart beat the
corresponding pulses at the finger and toe are aosdpn time and not pulses from different
heart strokes. This was achieved automaticalljh@aptogram calculated the number of beats
per minute in the signal. From this the frequenay hence the period of the waveform was
computed and a time threshold of half this was weedatch the finger and toe pulses in
time. Therefore if the difference in time betwebka peaks of the toe and finger pulses was
greater than half the period, the pulses were ratined in time. This was repeated for the
troughs of the pulses. Once this was accomplighedjelays between corresponding finger
and toe pulses could be calculated. This was aetliby summing individual pulse delays

between the trough of each finger and toe wavefétowever, as the delays varied between
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successive beats of the heart an average delagalMagated that would represent the delay
for that subject. Therefore successive delays votadled for each individual and this was
divided by the total number of delays. This gawedlierage delay for that individual (Figure

24).
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Procedure for the calculation of pulse wave transit time delay between finger and toe

wawvelorm
Calculation of delay
Conditi d sicenal Tdentfication of pealcs and feet of between feet of signals
STLGIMSNES SISHAls the signals dlda..... dn Lorerage POWTT delay
AN A A A A
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Matching of feet and pealks of signals

Figure 24 Block diagram showing procedure for the atomated identification of the pulse peaks and troghs and subsequent calculation of PWTT
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6.1.3 Area Analysis

Before we can compare the areas between contrdlpatients, the waveforms were scaled
in amplitude and normalised in time. Each indivitkiinger and toe waveform data were
scaled in amplitude to the maximum peak detectediine 10 second recording. Therefore
the amplitude of each pulse and that of the avepatge will be a fraction of the maximum
amplitude of the signal (Figure 25). The next stgs to normalise the waveforms in time.
This was achieved by determining the length of gadke (trough to trough) in the pulse
train. A new x-axis for each pulse was producedffbto 100 which was then divided by
each pulse width. This produced a normalised x-akish could then be interpolated. A
Piecewise Cubic Hermite Interpolating PolynomiaCHRP) was used to interpolate the pulse
from O to 100 in steps of 0.01, giving the totahmher of points at 10,000, and thereby giving
each pulse the same number of data points in tldethe normalised pulses could be added
together and then averaged. This was performeeafcin pulse in the toe and finger

waveforms.
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Figure 25 Average normalised toe waveform
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When this was completed an average normalised pusecalculated from each individual
volunteer. An example is shown in Figure 25. Waild be used as a representative toe or
finger waveform for that individual volunteer. Thext step was to identify the peak of the
average normalised waveform and then identify thisgptrough. These would be used as
markers to calculate the area under different pdrise waveform. Figure 26 shows the

identified pulse peaks and troughs of the averagmalised toe waveform.
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Figure 26 Average normalised toe waveform showing the pulseepk and pulse trough markers used to
calculate areas under the waveform.

Once the peak and troughs markers were identifféerent sections of the average
normalised toe waveform could be determined. Bytifigng distinct segments within the
waveform, a number of separate areas could belatddu This was performed on the toe
pulses from both the control and patient groupthaba comparison of areas could be made
between normal and pathogenic waveforms. Figureh®ws a block diagram of the

automated toe pulse normalisation and area caicnlptocedure.
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6.1.4 PWTT and Area Combined Analysis

A Matlab code was written to investigate whethenbming the tests of PWTT and area

would increase the sensitivity and specificity ®soas opposed to their individual scores.

Sensitivity and specificity scores were calculdmdeach patient group, i.e. moderate only,
significant only, significant and occlusive onlydafinally moderate, significant and
occlusive. Threshold levels were set as for previadividual PWTT and individual area
tests. Each patient scored a ‘1’ if they were pesitive for individual PWTT measure and
individual area measure, however, the patient skcar@’ test negative. These scores were
then stored in individual PWTT and area vectorse $ame procedure was carried out for the
control subjects. With these scores stored in vecgensitivities and specificities were

calculated as follows:

If by summing the individual PWTT and area vectorseach patient their score wasl’

then that patient was recorded as test posititegisum came to ‘0’, the patient was
recorded as test negative. The proportions ofpesitives were then employed to calculate
the sensitivities at each threshold level and &mhepatient group. This method was repeated
for the control group to calculate specificitiesoa this data, ROC curves were produced for

each disease group.

6.2 Preliminary Research

This next section presents the results of a prahny study that investigated which sections
of area of the normalised PPG toe pulse best tetlebe difference between healthy and

diseased groups. The section of area which showeelddst result was taken forward and
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used in further analysis. A total of 20 legs wdnesen, 10 normal subjects and 10 patients, 5
with significant disease and 5 with occlusive dssed he study group age ranges were

normals: 48-76yrs (mean 62.4yrs), patients: 41ai€an 63.0yrs).

—
Ci—

Figure 28 shows a typical normalised toe waveform

The areas considered are explained with referenEegtre 28. Points a - b represent the
pulse trough to pulse peak area under the curvige Wi points b - ¢ represent the pulse
peak to distal pulse trough area. An area indexalsascalculated by dividing area b - ¢ by a
- b. Finally the complete area under the curve feont is used. A number of different area
thresholds were used for each of the 4 differesisof the normalised pulse to calculate the
range of sensitivity and specificity values. A dray these results is shown in the ROC
curves of Figure 29. The area a-b and the complet a-c under the normalised PPG toe
pulse have similar ROC curves and have a bettgerahsensitivities and specificities
overall than area b-c and the index of area (l§/dhese curves deviate below the 90%

sensitivity level. However, both area calculatibase 90% sensitivity and specificity and
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further more, have 100 % sensitivities and 70% ifipges. However one of these
techniques for calculating the area had to be té&evard. The anacrotic and catacrotic
phases of the PPG pulse are affected by certaisigdbgical conditions; the anacrotic phase
can be used as an indicator of the force of vararacontraction and the catacrotic phase is
affected by the capacitance of the vascular treer@y and Foster, 1996). Therefore relying
on just one of these phases of the PPG pulse iwatedower limb stenotic disease may be
unreliable. Therefore the whole area of the pus&), was chosen as the area parameter for
further analysis. Any change in one of the phasestd the physiological conditions
mentioned above, may have less affect on the chiarthe whole area under the PPG pulse

due to arterial stenotic disease.

ROC curves for significant and occlusive patients

i
' ft-ph
|| —— ph-distal
- | =—&— index area &
—&— complete area

...................................................................................................................

Sensitivity

1-Speciticity

Figure 29 ROC curves for the four areas used in ptaminary testing
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6.3 Main Arterial Results

This chapter presents the results of the mainiart@ork and has been separated into three
subsections according to the analysis technique: llsdse wave transit time (PWTT); area
under the normalised toe pulse; combined PWTT asa ander normalised pulse (AUNP).
Statistical tests were performed on the arteritd dad the results are reported in the text for
each arterial group. Parametric t-tests on un-galega were performed; see section 5.4.6 for
further information. PWTT and area data for thetomrand patient groups can be found in

appendix C.

6.3.1 Pulse Wave Transit Time

PWTTs for the three disease groups, moderate fgigni and occlusive, were compared
individually to the healthy control group, thenrsficant and occlusive disease groups were
combined and compared against the control groudiaallly all three diseased groups were

compared against the control group. The resultsiawen in the following sections.
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6.3.1.1

Moderate Disease

PWTT of normal V moderate disease groups
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Figure 30 Pulse wave transit time of Normal Group gainst Moderate disease group
ROC curve for moderate disease group: PWTT
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Statistical analysis showed there to be a statidfisignificant difference between the mean
PWTTs of the moderate disease and control groutphedd% level. Referring to Figure 30,
PWTT in the healthy group ranged from 27ms to 12Winere as PWTT ranged from 63ms
to 172ms in the moderate disease group. Usinghblésalues from 62ms to 88ms produces
the ROC curve as shown in Figure 31. The lowersthoil value of 62ms produced a
maximum sensitivity of 100% and a specificity oP84vhere as the 88ms threshold value

produced a sensitivity of 55% and a specificity 6%6.

6.3.1.2 Significant Disease
PWTT of normal V significant disease only
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Figure 32 Pulse wave transit time of Normal group gainst significant disease group
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ROC curve for significant disease group PW
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Figure 33 ROC curve for significant group

There was a statistically significant differencévilen the mean PWTTs of the significant
disease and control groups at the 5% level. Acatdd in Figure 32 the PWTT of the
significant disease group ranged from 52ms to 20Qmmg a PWTT threshold value of
66ms produced a sensitivity of 96% and a spegifmit36%. Using a PWTT threshold of
125ms produced a sensitivity of 44% and a spetyifafi 99% and shown by the ROC curve

in Figure 33.
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6.3.1.3

PWTT(s)

Figure 34

Sensitivity

Figure 35

Occlusive Disease

PWTT of normal V occlusive disease only
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Statistical analysis showed there was also a statliy significant difference between the
mean PWTTs of the occlusive disease and contralpgrat the 5% level. Referring to Figure
34, PWTT for the occlusive disease group rangeah 886ms to 331ms. Taking threshold
values from 86ms to 130ms produces a sensitivi00Rb6 (83ms threshold) and a specificity
of 74% and sensitivity of 71% and a specificityd6fo (130ms threshold) as shown by the

ROC curve in Figure 35.

6.3.1.4 Significant and Occlusive Disease
PWTT of normal V significant and occlusive groups
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Figure 36 Pulse wave transit time of Normal againssignificant and occlusive disease group
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ROC curve for significant and occlusive group
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Figure 37 ROC curve for significant and occlusive gups

Combining the significant and occlusive diseaseigsagives the separation as shown in
Figure 36. Statistical analysis showed there ta batistically significant difference between
the mean PWTTs of the significant and occlusivease group and control group at the 5%
level. The range of PWTT in this group is from 52m831ms. As indicated by the ROC
curve in Figure 37, using a PWTT threshold of 5%ngs a sensitivity of 98% and a
specificity of 15% and using a PWTT threshold o183 gives a sensitivity of 54% and a

specificity of 99%.

140



6.3.1.5 Moderate, Significant and Occlusive Disease

PWTT of normal V moderate, significant and occlusive group
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Figure 38  Pulse wave transit time of Normal agast moderate, significant and occlusive disease @up
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Figure 39 ROC curve for moderate, significant and oclusive groups
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A comparison all 4 groups; the three disease graupserate, significant and occlusive and
the healthy control group can be seen in FigureSi&istical analysis showed there to be a
statistically significant difference between theam@WTTs of the moderate, significant,
occlusive disease group and control group at théey®. PWTT threshold values ranging
from 52ms to 120ms were used to produce the RO a@hlrown in Figure 39. As the ROC
curve shows, a maximum sensitivity of 100% givepecificity of 10% and a maximum

specificity gives a sensitivity of 50%. Figure 4tbs/s the general PWTT trend of all 4

groups.
PWTT measurements for moderate, significant and occlusive groups
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Figure 40 = Comparison of PWTT of all four grougs: normal, moderate, significant and occlusive
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6.3.2 Area Under the Normalised PPG Toe Pulse

The comparison of groups is repeated using the eprea under the normalised PPG toe

pulse
6.3.2.1 Moderate Disease
Area: normal V moderate disease group
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Figure 41 Area of Normal against moderate diseaseaup
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ROC curve for moderate disease group: Area
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Figure 42 ROC curve for moderate disease group

Statistical analysis showed there to be a statiisignificant difference between the mean
areas of the moderate disease and control groupe &6 level. However there is a greater
range of toe pulse area for the control group. Waference to Figure 41 the control group
area range is 3920 — 6120 au (arbitrary units)taaeanoderate disease group area range is
4169 — 5510 au. Using a range of area threshatdsjtsvities and specificities of 100% and
12% at 4140 au and 45% and 85% at 5000au resplgotreee obtained. The intermediate

values are shown in the ROC curve of Figure 42.
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6.3.2.2 Significant Disease

Area for normal V significant disease group
7500 - . .

T
O  Contral group
O Disease group

7000 - B

6500 - B

o]

6000 -

5500

Area (a.u.)

5000

[ORN e oXC» Lo e i 1() SIEE 6 (3]

4800 -

OO DT @ @ O«

4000

3500 - B

3000 1 1 1 1

Subject group

Figure 43 Area of normal against significant disese group
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ROC curve for significant disease group: Area
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Figure 44 ROC curve for significant diseasergup

The range of areas calculated for the significasgabe group are between 4580 — 5920 a.u.
as indicated in Figure 43 and again statisticalysmashowed there to be a statistically
significant difference between the mean areasesipnificant disease and control groups at
the 5% level. The ROC curve of Figure 44 shows 8@%¥sitivity and 66% specificity at an
area threshold value of 4780 a.u. and 28% serigiavid 96% specificity at an area threshold

of 5500 a.u.
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6.3.2.3

Area (a.u.)

Figure 45
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ROC curve for occlusive disease group
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Figure 46 ROC curve for occlusive disease group

The range of areas calculated for the occlusivagrange from 4700 — 7050 a.u. as
indicated in Figure 45. There was a statisticatipiicant difference between the mean areas
of the occlusive disease and control groups ab#devel. The ROC curve in Figure 46
shows sensitivity and specificity of 95% and 66%pextively for an area threshold of 4780
a.u. and sensitivity and specificity of 43% an@®respectively for an area threshold of

5600 a.u.
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6.3.2.4 Significant and Occlusive Disease

Area for normal V significant and occlusive disease group
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Figure 48 ROC curve for Significant and occlusive idease groups

149



Combining the significant and occlusive diseaseaigsagives a range of normalised areas of
4580 — 7050 a.u. as can be seen in Figure 47ststatianalysis showed there to be a
statistically significant difference between theamareas of the significant and occlusive
disease group and control group at the 5% levehdJs threshold value of 4600 a.u. the
ROC curve of Figure 48 shows sensitivity of 99% apdcificity of 49%, while using a

threshold of 5500 a.u. the sensitivity and speityfiare 37% and 97% respectively.

6.3.2.5 Moderate, Significant and Occlusive Disease

Area for normal V moderate significant and occlusive groups
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Figure 49 Area of normal against moderate, signifignt and occlusive disease group
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ROC curve for moderate signifcant and occlusive disease
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Figure 50 ROC curve for moderate, significant and oclusive disease groups

Statistical analysis showed there to be a statiisignificant difference between the mean
areas of the moderate, significant, occlusive disgmoup and control group at the 5% level
Combining all three disease groups produces a nizedaarea range of 4160 — 7060 a.u. as
shown in Figure 49. Using a threshold value of 42@0 the ROC curve of Figure 50 shows
sensitivity of 98% and specificity of 13% and wéhhreshold value of 5400 a.u. the

sensitivity is 33% and specificity of 94%.
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Areas for normal, moderate, significant and occlusive groups
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Figure 51 Comparison of all four groups: normal, malerate, significant and occlusive

Figure 51 compares the range of normalised areas|flour groups, showing a trend of

increasing area for increasing disease level.

6.3.3 Comparison of Area, PWTT, Combined PWTT and Area for Each

Disease Group.

When combining PWTT and area as an analysis teshnagsequence of tests was performed
for each disease group, (moderate; significantiusoge; significant and occlusive; moderate,
significant, and occlusive). A series of ROC curwese produced in order to investigate
which of these to take forward when comparinghaké analysis techniques. A number of
different PWTT thresholds were selected and eaehnas kept constant while a number of

different area thresholds were varied throughoetdisease group. Each PWTT threshold
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produced a single ROC curve which could be compagadhst the other PWTT thresholds to
produce a family of curves. These were then exasnamel the best ROC curve was selected
for that disease group. See appendix A. These nhmsees were then compared against the

two other analysis techniques for each diseasegxgrou

Combining the techniques of PWTT and area, thdtsefar each group are presented below.

6.3.3.1 Moderate Disease

PWTT, Area and PWTT and Area combined for moderate disease group
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Figure 52 ROC curves of PWTT, Area and combine@®WTT and Area for moderate disease group

A comparison of all three measuring techniqguesHermoderate disease group shows that at
maximum sensitivity PWTT has a higher specificaithough, as the sensitivity decreases,

the overall sensitivity and specificity scores dtggher when the two measuring techniques
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are combined. As indicated in Figure 52 at a seiitgipf 100% the PWTT has specificity of
35%, while for PWTT and area combined the sengjtimnd specificity are100% and 18%
respectively. Conversely, at a sensitivity and Bp#ty of 80% and 60% respectively, PWTT
and area combined has the highest score compaeesasitivity and specificity of 70% and
60% respectively for PWTT only and 67% and 60% iettg and specificity respectively

for area only.

6.3.3.2 Significant Disease

PWTT, AREA and PWTT and AREA combined for significant groups
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Figure 53  curves of PWTT, Area and combined PWT and Area for significant disease group

PWTT and area combined for the significant disegeap only, shows the best separation
for sensitivity and specificity. As indicated ingtire 53 from a sensitivity of 100% through to
85% the specificity remains between 65% and 92%levithe comparable results for area

only, the sensitivity ranges from 98% to 71% areld¢brresponding specificity ranges from
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66% to 89%. The sensitivity stays flat at 85% while specificity ranges from 59% to 91%

for PWTT only.

6.3.3.3 Occlusive Disease

PWTT, Area and PWTT and Area combined for occlusive group
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Figure 54 ROC curves of PWTT, Area and combine®WTT and Area for occlusive disease group

Combining the PWTT and area measurement techniguéise occlusive disease group
appears overall to maximise the sensitivity andtifjogy scores when compared to PWTT
and area. As indicated in Figure 54 the sensitsttyres for the combined method range
between 100% and 90% and the specificity rangegdast 66% and 96%. Alternately PWTT

and area consistently score lower.
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6.3.34 Significant and Occlusive Disease

PWTT, Area and PWTT and Area combined for significant and occlusive

group
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Figure 55 ROC curves of PWTT, Area and combine@®WTT and Area for significant and occlusive
disease group

Figure 55 compares the three measurement paramétersthe significant and occlusive
disease groups are combined. Over the sensitiatidspecificities calculated, PWTT and
area combined is constantly higher than PWTT agd separately giving a maximum

sensitivity and specificity of 90% and 90% respesly.
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6.3.3.5 Moderate, Significant and Occlusive Disease

PWTT, Area and PWTT and Area combined for moderate, signficant
and occlusive groups
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Figure 56 ROC curves of PWTT, Area and combine®WTT and Area for moderate, significant and
occlusive disease group.

Combining all three diseased groups, Figure 56 shbat over the sensitivities and
specificities calculated PWTT and area togethepissistently best, giving 90% sensitivity
and 70% specificity. PWTT and area show at an edeint specificity, sensitivities of 80%

and 83% respectively.
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6.4 Arterial Threshold Levels

The sensitivity and specificity of ABPI for detawgi significant lower limb PAD range from
90% to 100% (Fowkes, 1988; Doobay and Anand, 20@&)ever if moderate disease is
included then the accuracy reduces to approxim&@dy (0.6 ABP1<0.9) and 76%

(normal ABPI> 0.9) (Allen et al., 1996). Therefore, to determivieether the techniques
employed in this thesis are as accurate as ABRidtacting lower limb arterial

insufficiency, sensitivity and specificity levelsed to be approximately 80% or more. If the
values of the technique used are lower, then thsitbaty and specificity closest to 80% are
chosen. If both sensitivity and specificity are @ad80%, and to ensure that comparisons are
consistent between the groups, the sensitivity paitat on the ROC curve nearest to 80%
was selected and hence the equivalent specifioityt pvas recordediable 4summarises the
sensitivity and specificity scores and lists thes#old levels used for the different disease

groups and for the different techniques used.
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Disease PWTT Area PWTT and Area

level

(Ultrasound) TH sens| speq TH sens| speg T.H sens| sped

Moderate 82ms 65 70| 4780al 65 6% 88ms | 70 70
5000au

Significant | 105ms| 84 91| 5000ap 83 84 105ms | 84 91
6000au

Occlusive | 110ms| 81 92| 5000au  9( 84 130ms | 90 96
5300au

Significant 95ms | 85 86| 5020au 85 8% 110ms | 85 91

and Occlusive 5500au

Moderate, 88ms 79 76 | 5000au 74 84 100ms | 82 84
significant 5200au

and Occlusive

T.H threshold

Table 4 sensitivities and specificities for the diérent disease groups, for PWTT only; Area only
and combining the two diagnostic tests

In the moderate disease group, combining both nmeamnt techniques raised the sensitivity
from 65% to 70% when compared to PWTT and areaniquaks individually. This level of
sensitivity and specificity was achieved by setf\yTT and area thresholds of 88ms and
5000au. Combining both measurement techniquesiéosignificant disease group showed

an increase in specificity of 7% from 84% achiewdgen using area only, however, there
was no increase in sensitivity or specificity ssonden using PWTT only at a threshold of
105ms. There were also marginal increases in kastkitsvity and specificity scores for the
occlusive disease group when combining both testgglPWTT and area thresholds of
130ms and 5300au respectively. There was an iremapecificity to 91% for the

significant and occlusive disease group when PWAd axrea parameters were combined, but

no increase in sensitivity from individual measuiaghe final group, which consisted of
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patients with moderate, significant and occlusigedse, both sensitivity and specificity
increased marginally when PWTT and area paramefemns combined as compared from
their individual measure€onsidering the ABPI threshold levels discussed/ajibese

results compare favourably with ABPI for both thedarate disease group and for the higher
levels of disease i.e. the significant and occligjroup. The sensitivity and specificity levels
achieved for the moderate disease group, at 7084paer than those achieved with ABPI.
However, as referred to in section 3.2.6 ABPI isgioly biased towards detecting more
severe disease and resting ABPI technique wasagiatatecting low grade stenotic disease.
This would suggest that there is a disparity betweeenoderate disease group as defined by
duplex ultrasound and one as define by ABPI. Indded would indicate that moderate
disease groups as identified by ABPI, contain stibjthat would be classified as significant
with duplex ultrasound and therefore would paritplain the higher sensitivity and
specificity achieved with ABPI on a supposedly madiely disease group. Further more,
studies have suggested that a proportion of sisyeith moderate disease as identified by
duplex ultrasound are misclassified with the AB&hnique, implying that ABPI sensitivity
and specificity scores could be lower than 80%thedefore reducing the accuracy between
PPG and ABPI for detecting lower grade diseasdr(®teal., 2006)Therefore if just the
significant and occlusive disease group is consitiewhich would be a better comparison to
ABPI of disease level, all parameters i.e. PWT&€&aaand PWTT and area combined have

sensitivities and specificities comparable with ABB. 80% or higher.
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6.5 Results of test Group

The test group consisted of 8 patients and 8 noconatols. In the patient group there were 3
patients with occlusive disease, 3 patients wigimificant stenotic disease and 2 patients with
moderate stenotic disease. The thresholds calduiaim each test as shownTiable 4were

used on the test group. The sensitivity and sppitgifiesults are shown in the following

tables:

Table 5 Moderate disease group:

Threshold Sens(%) Spec(%)
PWTT 82ms 50 87.5
Area 4780(au) 50 50
Combined 88ms, 5000(au) 50 75
Table 6 Significant disease group:
Threshold Sens(%) Spec(%)
PWTT 105ms 66 100
Area 5000(au) 66 75
Combined 105ms, 5000(au) 66 100
Table 7 Occlusive disease group:
Threshold Sens(%) Spec(%)
PWTT 110ms 100 100
Area 5000(au) 100 66
Combined 130ms, 5300(au) 100 100
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Table 8 Significant and Occlusive disease group:

Threshold Sens(%) Spec(%)
PWTT 95ms 100 100
Area 5020(au) 83 75
Combined 110ms, 5500(au) 83 100
Table 9 Moderate Significant and Occlusive disease group:
Threshold Sens(%) Spec(%)
PWTT 88ms 87.5 87.5
Area 5000(au) 75 75
Combined 100ms, 5200(au) 75 87.5

The results of the test group show that PWTT ard aombined performs marginally better
than area only at detect lower limb arterial dise&towever, it does not perform better than
PWTT measured in any of the disease groups. Théio@th measure is equal to PWTT in
the significant disease and occlusive disease group Table 6 and Table 7, but PWTT
performs better in the remaining groups. The mddesgnificant and occlusive disease
group i.e. Table 9 shows a sensitivity and spetyfaf 75% and 87% respectively, although
PWTT had a higher sensitivity. If the moderate dsgegroup is removed, as in Table 8, both
sensitivity and specificity increase to 83% and%Q@spectively for PWTT and area
combined, however PWTT achieved 100% for both sertgiand specificity. With the
moderate disease patients removed, the signifar@hbcclusive disease group contains the
more severe disease and so as discussed in 2adhyctesembles a patient group classified
according to the ABPI method. The sensitivity apddficities achieved in this group match

those ABPI for detecting lower limb arterial diseaSince there were such a small number of
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patients in each test group it is difficult to latsstically confident about the results.
However the results of the test groups indicatettiere may be some merit in combining

PWTT and area.

6.6 Comparison of ABPI Measurements

Table 10 categorises subject’s legs according pbectwiltrasound disease level and

compares this with the same legs categorised aocptal ABPI disease level.

Duplex Disease Level No of legs ABPI Disease Level
Norm Mod Sig Total
0.9 0.5-<0.9 <0.5
Normal 66 57 5 0 62
Moderate 20 15(9D) 5(2D) 0 20
Significant 25 1(1D) 19(5D) 5(2D) 25
Occlusive 21 0 20(5D) 1 21
Total 132 73 49 6 128
D- diabetic leg

Duplex Grading of Disease:

Moderate Disease: PSV ratio = 2-3 (50%-70% narrgwardiameter)
Significant Disease: PSV ratio > 3 (70%- 99% narngan diameter)
Occlusive Disease: complete occlusion of lumenesikel.

ABPI Grading of Disease:
Normal: >0.9-<1.3

Moderate: <0.9->0.5
Significant: <0.5

Table 10 Comparison of duplex disease categoriesagst ABPI Disease categories for bilateral stencsi

If the significant disease category by duplex skttand is considered, then of these 25 legs, 1
was classified as normal, 19 were classified asaratd and 5 were classified as having a

significant level of disease by the ABPI technig8gmilarly for the occlusive disease group
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by ultrasound; none out of the 21 legs were clesbds normal, but 20 were classified as
moderate and 1 was classified as having signifidesgase by the ABPI technique. Diabetic
patients were not excluded from this study andassdying the legs of diabetic patients
with PAOD into the appropriate ABPI disease categowill be difficult as described in
3.2.6. However, as indicated in Table 10, manyhefgatients did not have diabetes but their
duplex ultrasound and ABPI disease levels aremagreement. Specifically, a number of
legs classified by duplex ultrasound as having metdedisease were actually classified as
normal by the ABPI technique. This suggests thateduultrasound is more sensitive than
the ABPI technique, using the generally acceptesstiold level of 0.9, for identifying more
moderate arterial disease. Furthermore, it couldraed that a certain level of disease
classified by the ABPI technique would contain @ats with more severe disease than their

equivalent level in duplex ultrasound, when catesjjog arterial disease according to Table 1.
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Figure 57 Scattergram of ABPI scores for normal grap and disease group (ABPI: 0.4-1.6)
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Figure 57 shows a scattergram of ABPI scores fentbrmal and disease group with
sensitivity and specificity scores of 77% and 9%%pectively, when using 0.9 as the
threshold level for disease. The disease group sheWwigure 57 contains the moderate,
significant and occlusive disease levels. The exjaitt disease group irable 4i.e. the
bottom row shows sensitivity and specificity scone82% and 84% respectively when

PWTT and Area are combined.

6.7 Arterial Summary and Discussion

From the results it would seem that combining PVé&hd area as a measure of arterial
insufficiency could increase sensitivity and spetty scores, than if they were used
individually. However the increase is only margirfs expected it is more difficult to
separate patients with more moderate arterial ficsericy from healthy normals than it is to
separate patients with more severe disease. Timdicated inTable 4by the decrease in

sensitivity and specificity scores for decreasimggdse levels.

If the more severe disease group is consideredheesignificant and occlusive group, then
combining PWTT and area achieves sensitivitiessgpatificities of 85% and 91%
respectively. This is marginally lower than thesgwity and specificities achieved with
ABPI, which are reported to be >90%. Considerirgrioderate disease group, combining
PWTT and area achieved sensitivities and speda#gcif 70%, a marginal increase from
PWTT or area only. This again is lower than thesg@asities and specificities reportedly
achieved by ABPI i.e. >80%. However, the lower aacy scores are compensated by the
quicker testing time of 10seconds compared to Sutamit takes to obtain an ABPI.

Additionally, ABPI uses cuffs, where this PPG methimes not.
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Similarly work by Erts et al (2005hvestigated patients with unilateral stenosisheflbwer
limbs by comparing bilaterally recorded PPG puksethe periphery. Their study recorded
and examined the delay in the arrival of the PPISeat the toe between a healthy and
stenotic leg and as a reference bilateral PPG Isigizdected at the fingertipiSrts et al
(2005) also measured bilateral segmental pressma&BPI. They found convincing
correlations between pressure differences betwealtiy and stenotic legs and the PPG time
delay. A similar correlation was found for ABPI u#ts. This thesis records the delayed
arrival between the PPG pulses at the index fiagerconcomitant great toe and so it is
difficult to make a direct comparison between PWJEIays. However the study did not
report sensitivity or specificity scores or if thatients were grouped according to disease
levels. Additionally, the methods used for measyithe PWTT delay rely on the patient
having a unilateral stenosis. The disadvantagkisfi$ that a proportion of the population
will have bilateral stenosis and so the delay betwlegs could in many cases be minimal,

leading patients to be misdiagnosed as healthy alsrm

As previously discussed in section 4.3.2.1 a comgarof pulse timing, amplitude and shape
characteristics was conducted by Allen et al (2006 study compared three different pulse
measurement techniques to assess and diagnosdlilolvgreripheral arterial disease. Pulse
wave analysis extracted PPG pulse transit timesuned at the toe; it also analysed pulse
amplitude and shape characteristics. Normativeesuof these pulse characteristics were
then calculated for healthy subjects and compagathat patients with different grades of
lower limb stenotic disease as referenced to théednrachial pressure index. The three
different characteristics were then ranked in oafetiagnostic performance, both for

individual and bilateral great toe pulses.
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This thesis does not measure the bilateral difte¥emetween pulse characteristics, but
analyses individual pulse measurements. Therelh@regsults of the arterial study will be
compared with the individual pulse measurementslgcted by Allen et al (2005)Their
results showed that shape index diagnosticallyopedd the best on patients with an ABPI
of <0.9, i.e. patients with low grade and high graiisease. This group comprised all patients
in the study and achieved sensitivity and spetyfiscores of 88.9% and 90.6% respectively.
Pulse transit time diagnostically performed thestarith sensitivities of 31.5% and
specificities of 93.8%. If we compare a similargpdrom this thesis, i.e. the moderate,
significant and occlusive groups togetheable 4shows that area achieved sensitivities and
specificities of 74% and 84% respectively, while PiNscored 79% and 76% respectively.
When both tests were combined sensitivity and §ipggiscores become 82% and 84%
respectively. When the tests were repeated onnatrth high grade disease, i.e. ABPI
<0.5 Allen et al (2005) reported an increase irsgmities and specificities for both shape
index and PWTT. Shape index rose to 100% and 90e8pectively and PWTT marginally
to 45.5% and 93.8% respectively. Comparing thiswhe significant and occlusive disease
group,Table 4shows area sensitivity and specificity scoress8b8and PWTT scores of 85%
and 86% respectively. Again if both tests are corabisensitivity and specificity scores

become 85% and 91% respectively.

The shape index used in the Allen et al (2005)ysgaVve substantial agreement with ABPI,
approximately 90% for all disease groups. The singfoup in this thesis gave lower
sensitivities and specificities scores of 82% a#ith8espectively. Therefore in comparison,
neither individual nor combined scores in this gtathtch the accuracy as reported by Allen
et al (2005). However, in their study, patientsevassigned to the high or low level disease

group according to their ABPI score. As discussedipusly in section 3.2.6, evidence
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suggests ABPI is biased towards more significasgabe as compared to duplex ultrasound
patient groups. Therefore it could be concluded tthe moderate disease group in the Allen
et al (2005) study contains patients with more aded lower limb disease than the moderate
group in this thesis. This could partly explain thgher sensitivity and specificity scores

achieved in their study.

Minimal user effort and minimal time to acquire #ignals was also of prime importance in
this thesis, particularly if the system is to bedigas a screening tool in a primary care setting.
In terms of user effort, Allen et al (2005) caldeld pulse wave transit times with reference to
the ECG signal and so their technique requiresipdication of ECG leads to the patient.
This can be cumbersome and requires additional dimietraining. Furthermore, signal
acquisition takes 2.5minutes. In comparison, tbln&ues investigated in this study do not
require the use of ECG leads for PWTT calculatiemmd signal acquisition takes 10 seconds
which is a significant reduction in time. Additidlya as discussed in 6.4 there is only a

marginal decrease in sensitivity and specificitxels.
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7 Venous Research

The following section describes the patients anthods used in the venous study, it

explains the analysis techniques employed and pietee results.

7.1 Venous Patients and Methods

A total of 25 patients (14 men, 11 women, age ral#389 yrs, mean age 63 years) with CVI
were investigated. All the patients had deep vemwigficiency and a further number had
additional superficial and or perforator incompetnPatients had a range of signs and
symptoms and a detailed CEAP classification fohgaatient can be seen in appendix B. A
brief description follows: 2 patients had no sighsenous disease; 10 patients had
telangiectasias or reticular veins; 9 patients\attose veins; 12 patients had oedema; 11
patients had skin changes; 2 patients had heatedsuhnd 2 patients had active ulcers. All
patients had deep venous insufficiency; 16 patieatsconcurrent superficial and/or
perforator insufficiency. All patients had refluregiter than 1 second and two of those had
chronic obstruction. All patients had a duplexastund scan to rule out significant arterial

insufficiency.

The control group comprised 13 men and 11 womenjagge of 22yrs-73yrs with a mean

age of 50 years. These also had a duplex scametoutiarterial and venous insufficiency.

Once the above knee and below knee data wereeragdfinto Matlab, two separate groups
were created. One group contained the healthy @srdnd the other the patients. The signals

were first conditioned by removing the D.C offsetrh the raw PPG signal. It was
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anticipated that the signals would be examinedaaradlysed in both time and frequency
domains. In doing so, this separated the analgistivo distinct sections; with the
waveforms being treated and dealt with accordinghe two sections will be explained in
more detail below. A block diagram of the procegsand analysis of the venous signals can

be seen in Figure 58.
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Processing and analysis of the venous signals

Mdvogenic frequencies

Ic.:ienti_ﬁcation of ) Delays between
F signal pealcs and Calculating knee and ankle
== ]]E:{ bed WOV feet gradients signls
L NN . LW L ST
Time-base analysis  EE—— ? FIE filter Lo |l b\ \{1
LA AN |
% I ottt i R v <17
R / \ —Dielay pealc—
|
Criginal signal DO offset removed E ! i iz Delay foot+—
Eespration frequencies
LA [, o
| L |t caniN
IW\J"'@"‘ I i fa Jﬂlv
Cale pwer Lowverage of myo and
lnee and ankle signals split FFT of each 60z density each resp freq pwr
into 6*50: segments segment &0z segment denzity
| =
Spectral analysis I e B - - - - - ity plo— e - - - P - |y AAA
21 52 - - - - - Fl?'-‘i- 1 #se - - - - - jiane] n n

Figure 58 Processing and analysis of the venous iséds
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7.2 Time Base Analysis

Time base analysis was performed on two comporwérite PPG signal: the myogenic and
the respiratory components-see sections 2.2.2 &nid2an explanation of their origins. To
isolate these components a 7000 order finite ingordsponse filter (FIR) was used. This
would ensure a linear phase response. This wasictedifirstly over the frequency range
0.06Hz to 0.12Hz (3.6¢cpm to 7.2cpm) to producentiyegenic coefficients, and then over
the frequency range 0.15Hz to 0.4Hz (9cpm to 24dprpyoduce the respiratory
coefficients. These coefficients were then usethénFiltfilt function to isolate the separate
frequencies. The action of the filters describeovalremoved the cardiac component that
was present in the signal.
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Figure 59 Comparison of RAW and filtered PPG signa(respiration)
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The Filtfilt function produces a filtered signalttviminimal phase distortion as described
previously in 6.1.1. The top waveform in Figure®ws a 100 second segment sample of
an above knee RAW unfiltered signal from a heattbwytrol. The bottom waveform shows

the same signal after it has been filtered at raspn frequencies. Figure 60 shows the result

of the Filtfilt function at myogenic frequencies.

Healthy normal

I I
above knee RAW signal

e A A

Amplitude

Amplitude

Seconds

Figure 60 Comparison of RAW and filtered PPG signa(myogenic)

The next step in the programming was to identigy pleaks and troughs of the filtered signal.
The differential in successive points along theaiyector was calculated. The peak position
of the waveform was stored if the differential chad from positive to negative and the
trough of the differential changed from negativ@tsitive. This process was repeated for the
knee and ankle signals and both for myogenic aspinaory frequencies. These markers

were then used to help identify any features ofsijaal which would differentiate the
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different groups. Figure 61 shows an example ofdkatification of the peaks and troughs of

a myogenic filtered waveform from above the knea bkalthy patient.
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Figure 61 Identification of Peaks and troughs of tk filtered waveform (Myogenic)

Next, a noise level threshold value was chosendoaseéhe median amplitude of the pulse
peaks and troughs. For each patient, a median @m@lvalue of all the signal peaks and
troughs was calculated. The absolute value of ififiereince between these two median
values was used as the median pulse height. Ahibicesalue was then calculated by
dividing this median pulse height by 100. Therefang pulses of height less than one-
hundredth would be excluded. This was done for gatient in each group, thereby only

using pulses of adequate amplitude when investigd@atures of the signal.
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Now that the different frequency components ofRA&N signal could be isolated, and the
peaks and troughs identified, different aspectheffiltered signals between the normal and

patient groups could be analysed and compared.

As indicated above, the features investigated weparated into two main groups: time base
analysis and spectral analysis. The time baserksainvestigated were: The gradient of the
leading and lagging edges; the time delays betwbere and below knee peaks and this was
repeated for the troughs; the phase changes ajhsooetween groups and this was repeated
for the peaks; the difference in the number of pedtove and below knee. The two main
spectral features investigated were repeated fibr idgogenic and respiration frequencies:
the power densities between healthy and patientpgiahe power density ratio (resp/myo)
between healthy and patient groups. An explanatidrow each feature was derived and

calculated is written below.

7.2.1 Gradient of the Leading and Trailing Edges in myogenic and

respiration waveforms

Now that the peaks and troughs of the filtered i@wes have been identified, the pulses that
make up the 6 minute signal can be separatedhetteading and trailing edges. The leading
edge was defined from the trough of the pulsestpdak, while the trailing edge was defined
from the peak of the pulse to the following troughe program ran through the control and
patient groups, analysing both myogenic and respiravaveforms separately. Maximum

and median gradients of the leading and trailingesdvere calculated for each pulse of the 6
minute signal. From the results an overall maxinamd median gradient could be calculated

from the individual pulse gradients that would bpresentative of that person. A mean of the
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maximum gradients was also calculated. This wa®peed for both above knee and below

knee signals so that intra and inter comparisonfdoe made.
7.2.2 Delays between the above and below knee pulse peaks for myogenic

and respiration signals

Delay between above and
l J below lnee peaks

T/2 - time threshold

T T Delay between above and
below luee feet.

Figure 62 shows the delay between above and belémee pulse troughs and pulse peaks for signals ihe
same frequency band (i.e. myogenic or respiratioband) and also the time threshold used.

The analysis was performed on both myogenic argregery bands. Because of the spread
of frequencies within each band, time threshold=ied to be used so that only peaks within
this time frame would be utilised to calculate tieays between the above and below knee
signals Figure 62. These thresholds were determoneah individual by individual basis. To
calculate the threshold the number of pulses dweentire 6 minute signal were counted.
Next, the total was divided by 6 to give the numbigoulses per minute (ppm). By dividing
the ppm by 60 gave the frequency of signal, anchfitais the period of the signal was

derived. This was finally divided by 2 to give h#ie period of the waveform (T/2). This
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represented the time threshold for that subjectveamiused to match above and below knee
peaks and troughs in time. If the time differeneeaeen two pulses was greater than the
time threshold, then the pulses were not matchddraarefore the delay between the peaks
could not be calculated and the two pulses werereggh Only when the time difference
between two peaks were within the time thresholdutated for that individual, were they
matched. Because the above knee and below knee gleakged sometimes from leading to
lagging, a positive and negative time thresholdi@alas used. This ensured that only the
correctly matched peaks from the above and bel@® langnals were utilised in the delay

calculations.

The same process was carried out for calculatiegléhays between the above and below

knee pulse trough.

7.2.3 Matched delays in Myogenic and respiration signals between the

above and below Knee Peaks and Troughs

Now that the individual pulse peaks between thevalamd below knee signals had been
matched and similarly the individual pulse trougivizeen above and below knee, the next
stage was to investigate if there was any coraelaii these parameters between
corresponding pulse trough and peak delays. Torerbkat the delays in the pulse trough
matched the delays in the pulse peaks, a secoedhimshold was set-up. This time
threshold comprised a half time period plus a egudiine period calculated from the
individual’s myogenic or respiratory rate. In tinay, the program ensured that any single
pulse trough was matched with its own pulse peadt,rt that of a later peak from a
different pulse. The above and below knee signal®woth investigated in this way. When

the program established pulse troughs and puldespeare within the predetermined time
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threshold, the delays between pulse troughs andealags between pulse peaks for above
and below knee could be calculated. Once the délays been calculated for all the matched
pulses from one individual, the above and belowekineughs delays were subtracted from
the above and below knee peak delays so that tha are median values of the aligned
delays could be calculated. These values woul@presentative of an individual and

therefore the control groups could be comparetiepatient group.

7.2.4 Phase changes in myogenic and respiratory signals in above and

below knee waveforms

The number of phase changes which occurred bettheegbove and similarly for the below
knee pulse peaks and above and below knee pulsghsavere determined from the delays
computed from the previous aligned delay analys#eh delay calculated between the peaks
for each separate pulse of the six minute signalexamined to determine if the delay was
positive or negative. The delay was calculatedubtracting the below knee peak time from
the above knee peak time. The number of positidenagative delays was counted
separately for the entire signal. The number oftpesand negative delays counted in each
signal was divided by the total number of pulsgswad for the entire signal. This
accounted for the variation in pulse numbers captietween individual subjects. The
proportion in number of negative delays identifieals subtracted from the proportion of
number of positive delays identified and this difigce represented the number of phase
changes that occurred over a 6 minute period. Agtioreed above, this method was

performed for both troughs and peak delays overgeym and respiratory frequencies.
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7.2.5 Comparison of myogenic and respiration rates between above and

below knee signals

The difference in the numbers of peaks betweemabloge knee and below knee signals was
calculated for both myogenic and respiratory wareand compared for control and

patient groups.

7.3 Frequency Based Analysis

A signal describes how one parameter changes withar. A typical example would be a
signal showing voltage varying with time at onetjgatar frequency from an analogue
electronic circuit. In biological signals, the paseter on the y-axis can be obtained from
many sources such as a potential difference measgress ECG electrodes, pressure within
a pneumatic cuff or the light intensity reflectedrh an infra-red signal incident on the tissue.
The parameter which is mostly used for the x-axigne. Signals that are recorded from the
body are more complex in nature consisting of almemof different frequency components.
These frequency components can be analysed usiagreematical technique developed
some 300 years ago by Joseph Fourier. This tecamsgoased on the principle that any
continuous periodic signal can be represented égtim of sinusoidal waves of different
frequencies, called a Fourier series. In this viydignal is converted or transformed from

the time to the frequency domain.

Fourier analysis assumes the signals are infiniterigth; however biological signals are
recorded over a predetermined time and so are fimitength. Furthermore, the signals are
sampled and stored onto a computer for analysibnaf i.e. after signal acquisition is

complete. To get around this problem the Discreterieér Transform (DFT) was developed

179



which makes an approximation by imagining the ogjsignal as repeating itself an infinite
number of times. Therefore the signal appears gierand infinite in length with a
wavelength equal to that of the original signale DFT is calculated using an extremely fast
algorithm called the Fast Fourier Transform (FHT)e transformed signal is then displayed
with frequency on the x-axis and power of the fieagry component on the y-axis, also

known as the power spectrum (Figure 63).

Fourier analysis is best suited to signals whosguency content does not change with time,
also known as stationary signals. However, theuieagy content of biological signals tends
to vary with time due to the complex nature of hampaysiology. There are various
techniques which can look at how the frequency aamepts within the signal change with
time such as complex demodulation (CDM) and Wawatalysis and these will be touched
upon later in this chapter. Nonetheless, the aog#iof the power spectrum can give us
some insight into distribution of the frequency @ over time. For example, any frequency
that exists only for a short period of time wilMesa smaller power in the frequency domain
compared to frequencies that last for a longer .tim¢his thesis, myogenic and respiratory
frequency bands were analysed, but since the freyugands are not of equal length
(myogenic: 0.06-0.12 Hz; respiration: 0.15-0.4 HBn power densities were calculated so

that the two frequency bands could be compared.

As mentioned above certain techniques can be gmglm overcome to some degree this
disadvantage. A technique known as windowing canseel that splits the signal up into
smaller segments i.e. the windows, and an FFT lzd&nlifor each segment. By examining
how the FFT changes from one window to the nextytriation in the frequency content of

the signal can be examined. However there is aldisdage with this method, which is
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shorter signal acquisition times reduce the frequeasolution. Complex Demodulation is
another technique which can overcome some of ffieudiies with using Fourier analysis.
Instead of analysing the whole spectra of frequeydhe technique focuses on a single
frequency and how its amplitude and phase varidstimne. There is still however a trade-
off between resolution in the time and frequencsdm. Wavelet analysis is a mathematical
tool which splits the signal data into differergeswindows or wavelets; larger wavelets will
only capture gross features in the signal wheadler wavelets identify smaller features in
the signal which occur over a shorter time scalav&ét analysis shows how the different
frequency components in the signal change with aneka particularly well suited to study

situations where the signal contains discontinsiitied sharp spikes.

This part of the analysis used the windowing tegheito split both the above and below
knee 6 minute signals into 1 minute segments. S$mitas of data were acquired as this was
the minimum length of time the venous unit record&simentioned above this was
performed so that any variation or change in tegquency content of the signal over the 6
minute period (in one minute segments) could béuregd and analysed. By splitting the
signal in this way a median value was calculated thpresented the 6 individual 1 minute
segments. This is not the same as a median vdicdatad over the entire 6 minute signal.
Therefore it is a simple method which can captuechange in the frequency content of the
signal. Before an FFT could be taken of the sigrealdanning window was applied to each
segment. The data points from each 1 minute segwenet multiplied by an N-point

Hanning window. In the time domain this reducesahplitude of the signal from a
maximum value at the centre to zero at the eddesrdsult is improved frequency resolution
in the power spectrum. An FFT performed on datheut a window results in smearing or

leakage in the frequency domain. Using an apprtgpviendow reduces these effects.
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An FFT was then performed on each minute of theadi Once this was completed for the
above and below knee signals, the power densityimvihe myogenic and respiratory bands
could be calculated. This was achieved as foll@wvge the signal was sampled at a rate of
100Hz, each 60 second segment of signal contaid@d @éata points; this gave a spectral
resolution of 0.016Hz samplg100Hz/6000). In order to isolate part of the $pen that
represents the myogenic band, lower and upper sapaohts needed to be calculated. The
lower and higher sampling points for the myogerands were calculated as follows: given
the sampling resolution of 0.016Hz samp#nd the lower bandwidth point of 0.06Hz for
myogenic frequencies, the lower sampling point &:&§Hz/0.016Hz sampfe This gives a
lower sampling point of 4. The upper sampling pantalculated in much the same way, but
this time using the upper bandwidth point, 0.12H¥6Hz samplé. This gives an upper
sampling point of 7. The process was repeatechfordspiratory part of the spectrum and
this gave a lower respiratory sample point 9 and@er sample point 24. Using these
calculated sample points, bandwidths could be ifledtand subsequently power densities
were calculated for each 1 minute segment. Thiscaased out for both myogenic and
respiratory bands for the complete 6 minute sighatthermore, a power density index was
calculated by dividing the respiratory power dgngiith the myogenic power density. The
regions of interest can be seen from Figure 63 vBiows an example of the spectrum of
the PPG signal, split into one minute sections, béalthy individual above the knee. The
relevant bandwidths from the graph are from, 4eychiri* to 7 cycles mitt (myogenic

band), and from 9 cycles mirto 24 cycles miti (respiratory band).
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Figure 63 Spectral analysis of above knee PPG sign@he 6 minute signal has been separated into 1
minute sections starting with the 1st minute top I to the 6" minute bottom right.

7.4 Venous Results

The following section reports the results of inigaions undertaken of the venous signals
taken from above and below the knee. The signaia fsoth sites were analysed in both time

and frequency domains, and are reported separately.

7.4.1 Time Base Analysis

Time base analysis investigated the gradientsydetaimber of peaks and phase changes of
the signals within and between groups. Each arslyseported separately with a table
summarising the results. For clarity, the Q-Q phid box plots of some results can be seen

in appendix B.
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7.4.1.1 Gradient of Leading and Trailing Edges
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Figure 65 Gradient of trailing edge at myogenic frquencies

Figure 64 and Figure 65 show example box plote®@ihaximum gradients between the

above and below knee signals for control and patjesups at myogenic frequencies. Similar
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box-plots of gradient data at respiration freques@an be seen in appendix B. The results

for both myogenic and respiration frequencies ammarised in Table 11

Myogenic Respiration
p-value null p-value null
Median of Leading 0.80 0 0.58 0
max grad Trailing 0.57 0 0.54 0

Table 11 Time base analysis within group comparists for healthy controls between above and below
knee signals

As can be seen from Table 11 there is no statistisgnificant difference in the median of
the maximum gradients between the above and betee leading or trailing edges at

myogenic or respiration frequencies.

Myogenic Respiration
p-value null p-value null
Median of Leading 0.06 0 0.12 0
max grad Trailing 0.04 1 0.11 0

Table 12 Time base analysis within group compariss for patients between above and below knee
signals

The patient group shows statistically significaiftedlences at the 5% and 10% levels
between the above and below knee signals at myoffeguencies. As indicated in
Table 12, the most significant difference was deetthe trailing edge at myogenic
frequencies, where there was a statistically sicgmit difference in the median maximum
gradients between the above and below knee sigh#te 5% level. The least significant
difference in gradients between above and belove lsignals was the leading edge at

respiration frequencies where there was a podsstat difference.
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Myogenic Respiration
p-value Null p-value Null p-value Null p-value Null
above kn| Above below kn | below kn | above kn| Above below kn | below kn
kn kn
Median| Leading| 0.48 0 0.06 0 0.007 1 0.003 1
ofmax railing| 041 | O | 004| 1 | 0008 1| 0004 1
grad

Table 13 Time base analysis for same-site compasiss between healthy controls and patients

Table 13 shows the results of the time base arsalyssame-site comparisons between

healthy controls and patients. Respiration measarparticular, show a statistically

significant difference when comparing control amadignt groups above and below the knee.
As indicated the above knee and below knee medaamum gradient of the leading and
trailing edges show a statistically significantfeli€nce at the 5% level. In contrast, the above
knee measures show poor significance at myogesguiéncies, however, the median of the
maximum gradients of the trailing edge below the&kshows a statistically significance at

the 5% level and the leading edge above the kném dt0% level. Boxplots representing the

respiration frequency data can be found in appeBdix
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7.4.1.2 Delays Between Above and Below Knee Signal Peaksdafroughs
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Figure 66 Delays in the above and below knee peaksmyogenic frequencies
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Figure 67 Delays in the above and below knee pea&srespiration frequencies

Figure 66 and Figure 67 show the delay in the pbakseen the above and below knee
signals for myogenic and respiration frequencieshbth the control and patient groups
respectively. The corresponding delays for thegtrisugh between the above and below

knee signals can be found in appendix B.
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7.4.1.3 Delays between the Matched above and below knee &ads Using Signal

Peaks and Signal Troughs
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Figure 68 Delays between the matched signals at ngenic frequencies
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Figure 69 Delays between the matched signals at pasation frequencies

Figure 68 and Figure 69 show the delays betweemttehed signal peaks and signal

troughs for the above and below knee signals &t imytogenic and respiration frequencies
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respectively. Control and patient groups are shadwsummary of the results for both the

delay between above and below knee signals anthébehed delays can be seen in Table 14

Median Delays Myogenic Respiration
p-value Null p-value null
Peaks 0.07 0 0.09 0
Troughs 0.13 0 0.05 0
Matched peaks and 0.23 0 0.49 0
troughs

Table 14 Delays in the peaks and troughs betweendithy controls and patients

The median delays in the peaks and troughs atrbgtiyenic and respiration frequencies
show a level of statistical significance. With mefiece to Table 14, there was one test which
showed significance at the 5% level, and this veas Hetween the delays in the troughs at
respiration frequencies. Median delays betweempd#ads at myogenic and respiration

frequencies showed statistically significant diéiece at the 10% level.
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7.4.1.4 Number of Peaks Above and below knee

Comparing numbers of peaks above and below knee
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Figure 70 Number of peaks above and below knee atymgenic frequencies for control and patient

groups
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Figure 71 Difference in number of peaks between abe and below knee at myogenic frequencies between
healthy controls and patient groups

Figure 70 shows bar graphs of the number of pelaigeaand below the knee for the control
and patient groups at myogenic frequencies. A boixgs the difference between the above
and below knee signals for the control and patyeotip is shown in Figure 71. This is
repeated for respiration frequencies and the ianét shown in Figure 72 and Figure 73.
Table 15 summarises the results and shows thetgtatisignificance levels for the
difference in above and below knee peak numberstbeesix minute period, between

control and patient groups at myogenic and respirdtequencies.
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Figure 72 Number of peaks above and below knee atspiration frequencies between healthy control and
patient groups
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Figure 73 Difference in the number of peaks betweeabove and below knee at respiration frequencies
between healthy controls and patients

Myogenic Frequencies Respiration Frequencies
Difference in p-value Null p-value null
peaks 0.77 0 0.83 0

Table 15 Shows results of the statistical test dhe difference in peaks between control and patig¢n
groups for myogenic and respiration frequencies
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7.4.1.5 Difference in the Proportion of Phase Changes betwa Above and Below

Knee Signals
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Figure 74 Difference in the proportion of total phase changes of pulse troughs between the above and
below knee signals at myogenic frequencies
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Figure 75 Difference in the proportion of total phase changes of pulse troughs between the above and
below knee signals at respiration frequencies
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Figure 76 Difference in the proportion of total phase changes of pulse peaks between the above andhel
knee signals at myogenic frequencies
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Figure 77 Difference in the proportion of total phae changes of pulse peaks between the above andthel
knee signals at respiration frequencies

Figure 74 and Figure 75 show box plots of the diffiee in the proportion of phase changes
of the troughs between the above and below knealsigit myogenic and respiration
frequencies respectively. Figure 76 and Figurehbivsthe phase changes between the peaks
for myogenic and respiration frequencies. Tablsd®maries these results. There is a
statistically significant difference, at the 5%ééuvn the median of the phase changes of the

pulse peaks and pulse trough between the contdgbatent groups at myogenic frequencies.
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Myogenic respiration
p-value Null p-value null
Peak phase change 0.03 1 0.23 0
Troughs phase 0.02 1 0.18 0
change

Table 16 Phase changes of peaks and troughs betwéealthy controls and patients

QQ plots of the data farable16 can be seen in section appendix B
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7.4.2 Frequency Analysis

First, frequency analysis calculates the abovebahalv knee power density within the
myogenic and respiration frequencies and compaeegssults between the control and
patient groups. Second, the power density ratialiculated (respiration density/myogenic
density) from above and below knee signals and tohempared between the control and

patient groups. The results are presented below.
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7.4.2.1 Power Density
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Figure 78 Above knee power density at myogenic fregncies
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Figure 79 Above knee power density at respirationréquencies

Figure 78 and Figure 79 show scattergrams of tbgeaknee power densities at myogenic

and respiratory frequencies and Figure 80 and Eigirshow the below knee power
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densities at myogenic and respiration frequendibs.results of the statistical analysis

performed on the two groups are reported in TaBle 1
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Figure 80 below knee power densities at myogenicefquencies
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Figure 81 below knee power densities at respiratioffequencies
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7.4.2.2 Power Ratios
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Figure 83 Below knee power ratios between controla patient groups

Figure 82 and Figure 83 show the scattergramseo@liove and below knee power ratios for
the control and patient groups respectively. Tiselte of the statistical analysis for power

density and power ratio analysis can also be se&alle 17.
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myogenic respiration Resp/myo
p-value Null p-value Null p-value null
Above knee|  0.09 0 0.04 1 0.001 1
Below knee 0.1 0 0.002 1 0.16 0

Table 17 Frequency analysis of myogenic and respition waveforms using power density results between
healthy control group and patient group.

There are statistically significant differencesviztn median power density values between

control and patient groups at myogenic and respirdtequencies. As can be seen

respiration p-values are significant at the 5% lleb®ve and below knee. Myogenic p-values

are significant at the 10% level. The above kneggvaensity ratio (resp/myo) is statistically

significant at the 5% level above knee only.
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A summary of the results of the statistical tests lobe seen in Table 18 for each venous test
parameter chosen. The table shows a yes or no artét particular test was statistically

significant at the 5% level.

Test Group Myogenic Respiration Resp/mya
Control no no n/a
Gradient Patient yes no n/a
CandP yes yes n/a
Delays Cand P no no n/a
Num of peaks Cand P no no n/a
Phase changes Cand P yes no n/a
Power Density| Cand P no yes n/a
Power ratio Cand P n/a n/a yes

C and P- controls and patients;
yes = statistically significant at the 5% level.

Table 18 Summary of the statistical significant reults for the different venous parameters chosen

Time base and frequency analysis test results gsheame statistically significant

differences between the chosen test parameterswaitidl between groups.

Time-base analysis of the signal gradients show&k aignificant difference of the trailing
edge at myogenic frequencies within patients. Aificant difference was also demonstrated
for the leading and trailing edge gradients betwamrirols and patients, but this was only at
respiration frequencies. Only the trailing edgedggat at myogenic frequencies was

statistically significant at the 5% level.
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The proportion of phase changes between the ab@/below knee signals at myogenic
frequencies demonstrated a statistically signitichifierence at the 5% level, but not at

respiration frequencies.

The results in the frequency domain analysis shdvegd above and below knee power
densities at respiration frequencies to be stedilbyi significant at the 5% level between
controls and patient, but not at myogenic frequenichlso power density ratio showed a

strong statistical difference above the knee, btbelow.

No significant difference at the 5% level eithenatogenic or respiration frequencies was
found for the delays in the above and below knekgand troughs. Similarly the difference
in the number of peaks between above and below ¢igeals was not significant at

myogenic or respiration frequencies.

In the next section the four statistically sigraint tests will be explored further for diagnostic

accuracy. The results with their sensitivity andaficity scores are shown in Table 19.

7.4.3 Venous Diagnostic Accuracy

Since these methods of assessing vascular diseasgemnding to be used in a primary care
setting, sensitivity and specificity scores are en@levant at evaluating the accuracy of the
diagnostic test. Therefore, 4 of the tests froml@4al i.e. gradient, phase changes, power
density and power ratio that achieved a statisyicagnificant difference of 5% between
normal and patients had scatter plots and assdd&DeC curves calculated. Therefore
sensitivity and specificity scores may be calcwaféhe scattergrams and ROC curves are

shown below and then the sensitivity and specyfistiores are shown in Table 19.
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7.4.3.1 Gradient

Maxirnum gradients of below knee trailing edge signal at myogenic fregquencies
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Figure 84 Scattergram of trailing edge gradient below knee amyogenic frequencies

ROC curve at myogenic frequencies
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Figure 85 ROC curve of trailing edge gradient below knee at iypogenic frequencies
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Maximurm gradients of leading edge signal above knee at respiration frequencies
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Figure 86 Scattergram of above knee leading edge gradient eg¢spiration frequencies

Above knee leading edye ROC curve at respiration frequencies
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Figure 87 ROC curve of above knee leading edge gradient atgpiration frequencies
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Maximum gradients of leading edge signal below knee at respiration frequencies
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Figure 88 Scattergram of below knee leading edge gradient atspiration frequencies
Below knee leading edge ROC curve at respiration frequencies
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Figure 89 ROC curve of below knee leading edge gradient at spiration frequencies
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Maximur gradients of above knee trailing edge signal at respiration frequencies
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Figure 90 Scattergram of trailing edge above knee gradient aespiration frequencies

Above knee trailing edge ROC curve at respiration fregquencies
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Figure 91 ROC curve of trailing edge above knee gradient atespiration frequencies
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Maximum gradients of below knee trailing edge signal at respiration frequencies
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Figure 92 Scattergram below knee trailing edge gradient at repiration frequencies

Below knee trailing edge ROC curve at respiration frequencies

07

o
o

sensitivity
=
m
i

[=]
.
T
1
a
1
|

) o e e

1] NS BN S— S— SN O —— SRS S—

7] ESS S S— S— SRR S — S— S—

0 0.1 0.2 0.3 0.4 0.a 0.6 07 0.8 09 1
1-specificity

Figure 93 ROC curve below knee trailing edge gradient at regpation frequencies

208



7.4.3.2 Phase Changes

Mumber of changes in phase for Peaks at myogenic frequencies
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Figure 94 Scattergram of peak phase changes at myogenic fregpcies

ROC curve of peak phase changes at myogenic frequencies
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Figure 95 ROC curve of peak phase changes at myogenic frequses
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Mumber of changes in phase for feet at myogenic frequencies
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Figure 96 Scattergram of troughs phase changes at myogenicefjuencies
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Figure 97 ROC curve of troughs phase changes at myogenic fregncies
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7.4.3.3 Power Density

Above knee power densities for respiration frequencies between Controls and Patients
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Figure 98

ROC curve for above knee PSD at respiration frguencies

Scattergram of power density above knee at respirain frequencies
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Figure 99 ROC curve of power density above knee at respiratiofrequencies
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Below knee power densities for respiration frequencies between Controls and Patients
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Figure 101 ROC curve of power density below knee at respiratio frequencies
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7.4.3.4

Power ratio

Above knee power ratio between controls and patients
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Figure 102 Scattergram of above knee power ratio
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Figure 103 ROC curve of above knee power ratio

A summary of the sensitivity and specificity resuttr each of the statistically significant

tests is shown in Table 19.

Test Sens(%) spec(%) Parameter freq

51 80 TE BK myogenic

60 80 LE AK respiration

Gradient 60 80 LE BK respiration
64 80 TE AK respiration

56 80 TE BK respiration

32 80 Peak myogenic

Phase Changes 22 80 Trough myogenic
44 80 AK respiration

Power Density 69 80 BK respiration
Power ratio 60 80 AK Resp/myo

TE-trailing edge, LE-leading edge, AK- above knee, Bkelow knee

Table 19Sensitivity and specificity scores of the 4 venoussts

Ideally a screening tool would have an accuraci08R%, but in reality vascular screening
tools, such as ABPI have sensitivities within 8@400%. One of the aims of the venous
insufficiency test is to reduce the number of fadsesitive scans being referred from primary
care centres. Consequently a screening test withhaspecificity is required. Therefore to
ensure a fair comparison was made between thedffferent venous tests, a specificity of
80% was selected from the ROC curves and the deuivsensitivity was then recorded as
shown in Table 19. The table shows a range ofitbaties between 22%, when the phase of

the pulse trough between above and below kneelsignased as a test at myogenic
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frequencies and 69% when the power density of gh@ebknee signal is used at respiration

frequencies.

7.5 Venous Summary and Discussion

Five parameters of the venous PPG signal weretiga¢ésd: the gradient of the leading and
trailing edges of the signal, the delays betweeratbove and below knee signal, the
difference in the number of peaks above and belweekthe phase changes between the
above and below knee signals and the power iniginals Since these five parameters were
analysed at myogenic and respiration frequencidsram behind the knee and also at ankle
level, this produced 28 separate tests. Statisestd were performed on all 28 tests and
statistically significant differences were foundvween the control and patient groups for 10

of the 28 tests investigated.

These 10 tests were investigated further as a paltenreening test for CVI. To test their
accuracy, sensitivity and specificity scores watleuated. From this, the worst performing
parameter was phase changes between the abovelandidnee signals which had a
sensitivity and specificity scores of 22% and 8@Xpectively. The best performing
parameter was the power density in the signal ldedavel at respiratory frequencies, with

sensitivity and specificity scores of 69% and 8@X%pectively.

Other studies that investigated the effect of vastn in patients with CVI were Cheatle et
al (1991); Chittenden et al (1992); Hafner et &0@) Heising et al (2009). The two former
studies both investigated laser Doppler flux (LRRanges in amplitude and frequency at
ankle level while patients were supine. They fothrat LDF was significantly higher in CVI

patients than compared to normal healthy voluntessn this study patients remained
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motionless throughout the experiment. However €hden et al (1992) used an
electrophoresis technique to investigate the efféoicreased temperature on vasomotive
frequencies in normal skin and Cheatle et al (198ised the local skin temperature to 43
degrees centigrade and found that vasomotion frexyu@creased in controls but not in CVI

patients.

Hafner et al (2009); Heising et al (2009) invediggldifferences in vasomotor activity
between healthy and patients with CVI by analyshegLDF activity in myogenic,

respiratory and cardiac bands. They found stagibyisignificant differences in peak energy
at all three frequency bands. This thesis alsositigated myogenic and respiratory frequency
bands in patients with CVI and found power denlgitels to be significantly different from
healthy controls only at respiratory frequenciesah ankle and knee level. The author is
unaware of any other studies that have investigaitadltaneous measurement of vasomotive
activity in patients with CVI at knee and ankledé\Additionally, investigating the shape of
the venous signal also appears to be an innovialiéae particularly analysing the potentially
difference in pulse shape parameters between #ie and knee level venous signals at

myogenic and respiratory frequencies.
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8 Summary and Discussion

The final chapter of this thesis restates the rekeabjectives and the remaining sections

summarise the results and discuss their implication

The initial objective was to identify optical anther methods of evaluating arterial and

venous insufficiency. The methods kept four maip feints in mind:

1)
2)
3)

4)

minimal operator effort
minimal patient effort
minimal cost

Minimal testing time

Optical and other techniques were investigateceterchine the best method, in accordance

with the key points above, for assessing periphaxstular insufficiency. This was achieved

by undertaking a literature search, and the resulijgested that the best technical method for

investigating arterial and venous insufficiency wasical technology. This addressed the

cost objective, as simple optical devices are s1scRPG are relatively cheap to purchase for

a primary care centre. Currently however, the nadhesed to investigate vascular

insufficiency, in particular venous insufficiencging optical technology, rely on patient

movement or the use of cuffs and tourniquets tarsgp patients with vascular insufficiency

from healthy controls. From the literature seasggctral and pulse shape analysis techniques

were identified as potential methods of investiggtvascular disease and reducing patient

and operator effort, which were of primary concern.
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These analysis techniques were then investigatéaefuby comparing duplex ultrasound,
used as the gold standard for identifying artearad venous insufficiency with PPG
measurements taken from various sites on the lbmbs. It was anticipated that the
waveforms detected from these measurements woudttdred in the presence of peripheral

vascular disease

The drawback with current arterial and venous ifngehcy testing methods such as duplex
ultrasonography, ankle brachial pressure index (\Bffterial photoplethysmography
(APPG), and venous plethysmography (VPPG) as scrgéools is they all too some extent
or other require: significant patient or operatibore, a relatively long testing time, or the
purchase cost of the equipment is relatively expen3 he development of a screening tool
that reduces these drawbacks, and informs the priozae clinician simply whether vascular

disease is present or not would be of great betwefite primary care centre.

Existing vascular tests aim to inform the clinic@afrthe location, extent and severity of
vascular disease present. This is the main diaigngsal if a comprehensive picture of the
patient’s vascular condition is needed, but itasmecessarily required at the initial stages of
the GP’s clinical evaluation. The primary goal df@eening tool at this stage would be to
indicate if the patient’s signs and symptoms aszukar in nature. Further investigation of
location, extent and severity of vascular diseaselbe performed more accurately in a
specialist vascular clinic or by duplex ultrasoumthospital. Therefore the goal of this thesis
is to supplement the GP’s clinical assessmentpaitient with potential vascular
insufficiency and thereby giving the clinician ma@nfidence in sending the patient for

further appropriate clinical investigations.
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Extensive research has been conducted into newitpes at analysing patient blood flow
data and into new methods of screening patientarferial and venous insufficiency, but as
yet no one technique has become routine, or repldeecurrent testing methods in the
primary care setting. If any screening techniqu®e ieeplace or be comparable with an
existing method, then either its accuracy shouldsgood as, if not better than the current
system, or, if the decrease in accuracy of the teetwique is acceptable, then it should be

quicker and easier to use.

The methods used in this thesis for detectingiattesufficiency do not rely on the
application of ECG leads or on the use of cuffasBtudy also included patients with
diabetes which other studies have excluded, buemaka significant proportion of the
vascular insufficiency population. Additionally gluse of duplex ultrasound in this study as
a gold standard for the detection of arterial ifisigncy, has allowed a more moderate group
of patients to be analysed with PPG than has beson#lished previously, therefore
potentially allowing for earlier identification @frterial disease. This technique also
significantly reduces the signal acquisition timpegvious methods have signal acquisition
times of 2.5 minutes. In this study signals werguared in 10 seconds with minimal

reduction in sensitivity and specificity.

The objectives of the venous methodology primdaoliowed those of the arterial methods
i.e. the use of a technology and methods that estiymurchase cost, patient and operator
effort and testing time. Spectral and time baséyarsatechniques were identified from the
literature search as potential techniques for itigasng CVI. The analysis determined 10

statistically significant test results. Subsequesénsitivity and specificity scores were
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calculated for the 10 test identified and belowepewer density at respiration frequencies

had the highest score.

In its present form the arterial testing procedakes 10 seconds to complete, with the
patient supine and two probes placed on the inigdgerf and toe, while the venous test
requires 6 minutes to complete with the patieningjtand two probes placed behind the knee
and at ankle level. This is not ideal for a singteeening test as repositioning the sensors and
patient between tests is not only inconvenienpftrent and operator, but moving the patient
between tests will affect vasomotive and sympatHetiguencies and require a further delay
between tests. Therefore a test where the patiehpeobes remain in the same position
between tests would be ideal. In addition, it wdaddadvantages if the venous testing time
could be reduced. A reduction in testing time ofibute could be feasible, as even at the
lowest end of the bandwidth of respiration frequesiof 0.15Hz, there would still be
approximately 9 respiration pulses to analyse.Haunnore the detection of acute deep vein
thrombosis has intentionally not been includechis study. Additional work could include
acute as well as chronic venous insufficiency, mgkhese methods more comprehensive in

their detection of vascular disease.

This thesis has identified a technology that ig effective for a primary care centre to
purchase as a screening tool for patients withutasmsufficiency. It has also identified
techniques that can be used with this technologlrgquires minimal operator and patient
effort. In doing so it has significantly reducee tiesting time to identify patients with arterial
insufficiency, with diagnostic accuracies only magdly lower than current testing methods.
The test also has other advantages such as indbesquire the application of ECG leads or

pneumatic cuffs and could potentially aid the chian in diagnosing patients with arterial
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insufficiency at an earlier stage than other tgstirethods. A venous test has also been
produced that can identify patients with CVI, watnsitivities and specificities of 69% and
80% respectively, that also does not require tquetis or pneumatic cuffs or requires the
patient to perform any physical task. Although aa@omprehensive diagnostic tool, the
optical technology used and the methods applietgusis technology described in this
thesis are a step forward to a usable clinicalrthatic vascular tool for use in a primary care

setting.
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Patient Disease List

Patient No | Disease Severity Description of Disease
score
R L 3=moderate, 4=significant, 5=occlusive
3 4 Diffuse SFA disease bilaterally
4 3 Diffuse mid to distal popliteal
13 5 4 R-occluded SFA reconstitutes proximal popliteal
L-SFA to popliteal diffusely narrowed
18 4 4 Bilateral distal aorta stenosis
25 3 4 Bilateral stenosis at bifurcation of CFA &teA
26 3 Distal SFA and adductor regions are moderatzirowed
27 4 5 R- EIA origin stenosis
L-The SFA-adductor occlusion. There is also a madiadlipopliteal stenosis
28 3 4 Bilateral distal aorta and proximal CIA sises
32 3 Stenosis at trifurcation level
33 4 CIA origin stenosis. Small AAA
34 3 3 Bilateral distal SFA to proximal adduct@rsises
37 3 4 Bilateral mid SFA to proximal adductor stee®
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39 Mid SFA stenosis

43 Bilateral mid SFA to mid adductor occlusions

45 Proximal EIA stenosis

50 Bilateral mid SFA to proximal adductor

63 7cm occlusion from SFA origin

64 Distal SFA/proximal adductor stenosis and pagliteal stenosis

70 SFA/PFA bifurcation stenosis

78 Distal SFA stenosis

83 Distal SFA stenosis

85 Bilateral EIA origin stenosis

86 Proximal popliteal stenosis

87 R-proximal SFA moderately narrowed, with a significadductor stenosis
L-SFA occludes 10cm from origin, reconstitutes atioluegion

88 R-SFA stenosis that occludes in distal SEApnstitutes adductor region
L-Significant distal SFA stenosis.

89 Bilateral SFA origin to distal SFA occlusson

90 Bilateral distal aorta stenoses

91 Bilateral distal SFA stenoses
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93

SFA origin to adductor occlusion

94 SFA and PFA origin stenosis and a tight PieAasis

95 R- moderate mid SFA and a significant distal SFAesss.
L-3-4cm mid SFA occlusion. Also the ATA is occludeegonstitutes ankle

96 6cm AAA. SFA occluded from origin, reconstitsiin proximal popliteal

97 PFA origin stenosis. SFA occluded with proxiipopliteal reconstitution.

98 R-SFA moderately narrowed with significant proxinaald mid SFA stenosis
L-SFA occludes from origin with adductor reconstant

99 Distal SFA stenosis

100 CIA origin stenosis

101 Distal SFA stenosis

102 CIA origin stenosis

103 R-Significant PFA origin stenosis. SFA toximal adductor occlusion.
L-CIA occluded. Significant mid SFA stenosis

104 Below knee popliteal occlusion

105 Proximal EIA stenosis

106 R-Significant PFA SFA origin stenosis. SFA occlud€sm from origin.

Distal SFA reconstitution, but vessel reoccludeadductor with above knee
popliteal reconstitution
L- SFA occluded throughout. Above knee popliteabretitution
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107

SFA origin to above knee popliteal reconstin

108 EIA and CFA occluded
113 Distal SFA stenosis
115 Mid SFA stenosis
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ROC Analysis to Choose Best Curve for PWTT and Area combined

Moderate Disease

sensitivity

085 i i i i i i
0z 04 0s 0.6 07 0.8 0.9 1
1 - Bpecificity

Significant Disease

ROC curves for significant disease combining PWTT and area

PWITT =BBms [
—&— PWTT =75ms
—&— PWTT = 105ms

PWTT = 118ms H
—&— PWTT = 125m3
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1 - Specificity
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Occlusive Disease

sensitivity

09

ROC curves for occlusive disease combining PYTT and area

—&— PWTT = 100ms
—&— PWTT = 110ms

—&— PWTT = 130ms

1
PYWTT = 86ms

FWTT = 120ms
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1 - Specificity

Significant and Occlusive Disease

sensitivity
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0

ROC curves for significant and occlusive disease combining PYWTT and area
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1 - Specificity
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Moderate Significant and Occlusive Disease

Best ROC curve for moderate significant and occlusive disease group PWTT and Area

—&— PWIT
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Venous Appendix B
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Patient information and CEAP score

Legs
Pt no Age R,L,B
36(90) 76 R
2(34) 65 R
13(47) 72 R
14(48) 53 L
15(49) 67 L
16(51) 64 L
17(52) 48 L
18(53) 59 L
19(54) 51 L
20(56) 65 R
21(57) 63 R
22(59) 48 L
23(60) 76 L
24(65) 76 L
25(67) 44 L
26(68) 49 L
27(70) 70 L
28(72) 78 L
29(74) 72 L
30(75) 55 L
31(76) 49 R
32(81) 89 R
33(85) 74 R
34(89) 78 L
35(91) 46 R

clinical
3,8
0,s
3,8
1,4,s
1,24
4,s

S
1,3;s
S

1

2,3,s

S
1,2,3,4a,6
1,2,3,s
2,4b,s
1,3,4a,
1,2(trough),3,4b,5,s)
1,2,3,4,5,s
3

1,3,s

3.4,s
3,4,6,s
2,4a

1,2,s

2,3,s

etiologic

n n nuo nnnunononon

W VT VOO OSSO0

?

n n u

anatomical

d.p
d
d
d
s,d
s,d
d
d
d

p.d

p.d
s,d
s,d
s,d
s,d

d

p,d
d,p,s
d

d
s,d,p
d.p
s,p,d
s,p,d
s,p,d

pathophysiological
r,13,14,15,18
r:15(peroneal only)
ri4,15
r11,13,14,15
r2,3,15

r3,4,14,15

ri4,15

ri4,15

ri3,14,15
r1,14,15,18
r,0,1(ankle),2,3(occluded),14,15,18(cockett
1)]
r,0,4(phlebitis),13,14
r,5,14,15
r,1,3,14,15,18
r,3,14,15,18
r,14,15
r,1,13,14,15,18
r,14,15,18

r,14,15

r,15
r,3,13,14,15,18
r,15,18
r2,3,14,15,18
r4,14,15,18
r.14,15,18
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CEAP Classification

The CEAP classification was created because afi¢lee for a consistent approach to the
evaluation of venous disease. It was produced bgtamational committee of clinical
experts and is a comprehensive tool that orgatigemformation into categories to provide
a descriptive classification system. CEAP stand€lmical, Etiological, Anatomical and
Pathophysiological and forms a classification gystieat deals with all forms of chronic

venous disorders. The full CEAP classificationhisewn below:

Clinical Classification

CO: No visible of palpable signs of venous disease
C1: Telangiectasia or reticular veins

C2: Varicose veins

C3: Oedema

C4a: Pigmentation and/or eczema

C4b: Lipodermatosclerosis and/or atrophie blanche
C5: Healed ulcer

C6: Active venous ulcer

S: Symptoms including ache, pain, tightness, gkitaiion, heaviness, muscle cramps as well ag othe
complaints attributable to venous dysfunction.

A: Asymptomatic

Etiologic Classification

Ec: Congenital

Ep: Primary

Es: Secondary (postthrombotic)
En: No venous etiology identified

Anatomic Classification

As: Superficial veins

Ap: perforator veins

Ad: Deep veins

An: No venous location identified

Pathophysiologic Classification

Basic CEAP:

Pr: Reflux

Po: Obstruction

Pr,o: Reflux and obstruction

Pn: No venous pathophysiology identified
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Advanced CEAP

Same as basic, with the addition that any of thadried venous segments can be utilised as locators
for venous pathology:

Superficial veins:

Telangiectasias/reticular veins

Long saphenous veins (LSV) above knee
LSV blow knee

Short saphenous vein (SSV)
Nonsaphenous veins

arwbdE

Deep veins:

6. Inferior vena cava

7. Common iliac vein

8. Internal iliac vein

9. External iliac vein

10. Pelvic: Gonadal, broad ligament veins, other
11.Common femoral vein

12.Deep femoral vein (profunda vein)

13. Superficial femoral vein

14.Popliteal vein

15. crural: anterior tibial, posterior tibial, peroneains (all paired)
16.Muscular: gastrocnemial, soleal veins, other

Perforatoweins:

17.Thigh
18. Calf
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Frequency Response of FIR Filter

Myogenic ( 0.06Hz to 0.12Hz) Filter Response
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Figure 104 Magnitude and phase response of myogeritR filter
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Respiration ( 0.15Hz to 0.4Hz) Filter Response
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Figure 105 Magnitude and phase response of respiian FIR filter
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Example QQ plots of Maximum Gradients for Above and Below

knee Controls and Patients for Myogenic and Respiration

Frequencies

Myogenic Frequencies
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Respiration Frequencies

Q3 Pl cf Mavinurr Graciz ts f Below Kne Contrals

2
6 Pl o7 Mainnur Graciends for Aaove Knse Cerhols
6
0
A
I8 [
. v
’ ot 2 W
e .
.
L gt
H P /+ |
H
’.1+H
s R
-
2.0 £d
; : &
i 5 T
s 2 i
=
<t 3
; A i
» P E
z e 30 4
H al O a oA
3 - S
A 0 o
= / ++
< + . Jr#
18 - -t . 4+
" Aot
P
+ E
ar 1
+
+
E ) | | | ] Kl L | | |
3 2 1 0 : 2 3 3 2 1 0 1 2
Sandard Yornal Duznies Standrd Notal Qantlos
G Pl o° Wi Gracits for Bl Knze Peterts (02 Plotcf st Graciz ts i Above Koz Patierts
0 5
+
+
- 0
Rl Lt
g
i
_/
B
Ak
o i IY
: A e’
VR g
H R H ¥
3 3
: o
5 G
H H
ZAF s
£ £
3 3
3 G-
il
at i
E y’r’
Iy
L
A 4 4
,/ -
- ,
+
e ! ! ! ] £ ! ! ! !
3 2 4 0 : 2 3 3 P Bl 0 1
Santird ornal dsniles Standard Mol Qant e

251



Q-Q Plots of Difference in Proportion of Total Number of Phase

Changes in Troughs Between Above and Below knee

Myogenic Frequencies
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Q-Q Plots of Difference in Proportion of Total Number of Phase

Changes in Peaks Between Above and Below knee

Myogenic Frequencies

¢ plot of et goL for nase charges cffet et Wyogenc fectenciee

o ple o*heathy grcup o phes2 shar ges of aeaks a: Wvageniz equencies 08 i
o - p
. s ’
- +
tsh b bt
. E
33 - L 04 3t
P
+ < -
P A
o ERP) St
. P
7 I3 +
b £ e
> ; v
it 1 +
I H /
G 02 --t
- P
A ¥ .
+ . "
o 04 o
61 - .
* - 06
13 o .
s
1 1 I I I I I 1 ] 1 1 | | | 1 1 ]
23 < -5 Bl 5 0 2 . 15 2 25 2£ 2 15 " Bl 0 08 1 15 2 i3
Phase crenges Fheee changes
- gl o bzl groupfor prase changas o s ot Fesgit o e encies s g s s gl = oo
)
r
7 ’
/ N
s 1 ’/'
1+ - - /
- 1
+
4 - -
z
1
H ER
fal % 23
] £ H
B o é ;
H ’ 3
H e EN ,/
: / : S
i ey 3 St
B 't El
¢ 0 // H +
¢ + LRH + / ¥
. < /'
+ 0t ,+'
+ - | N L
L5 /
/ E
’
. + "
. 13 |
-
+
E] Il Il Il Il L L L I} 2 Il Il Il Il L L
25 Z 15 1 5 0 iE : 15 2 2% % 2 1 1 (5 [ 05 : 13 1
Phase enges Fhasecha s

253



Box-plots of gradient data at respiration frequencies
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Boxplot of delay data for signal troughs
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Appendix C

The following tables in appendix C show examplesarhe of the measurements from the

arterial and venous groups.
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List of PWTT and area measurements for arterial control group

Controls PWTT (ms) | Normalised Area
(a.u)
Pt0 120 5581
Pt0 106 5497
Pt2 103 4770
Pt5 82 4903
Pt6 56 3915
Pt6 53 4067
Pt8 56 4770
Pt9 68 4732
Pt10 85 5000
Pt10 68 4493
Ptll 56 4558
Ptll 62 4491
Pt12 69 4748
Ptl4 56 4089
Pt14 57 3931
Pt16 68 4039
Ptl7 90 5229
Pt19 74 4261
Pt19 60 4423
Pt20 68 4556
pt21 68 4396
pt22 74 4592
Pt23 88 4742
Pt23 76 4909
Pt24 73 4414
Pt24 76 4559
Pt30 56 4319
Pt30 65 4504
Pt31 96 4817
Pt31 71 4599
Pt35 94 4930
Pt36 88 4342
Pt36 65 4356
Pt40 42 4990
Pt40 115 5226
Pt42 94 6178
Pt44 33 4643
Pt46 72 4262
Pt48 76 4028
Pt48 71 4190
Pt49 121 4785
Pt56 68 4636
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Pt56 58 4292
P61 96 4822
Pt62 77 4925
P62 80 4806
P66 43 4595
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List of PWTT and area measurements for arterial patient group

Patients PWTT (ms) Normalised
Area (a.u)
Pt3 95 4838
Pt4 172 5286
Pt25 71 4464
Pt26 130 4912
Pt28 73 4986
Pt32 113 4874
Pt34 110 4866
Pt34 90 4859
Pt37 103 4851
Pt39 65 4843
Pt50 83 4835
Pt50 82 4828
Pt78 63 4820
P83 150 4812
Pt85 117 4805
Pt94 134 4797
Pt99 73 4789
Pt101 77 4781
Pt113 71 4774
Pt115 124 4766
Pt3 115 4758
Pt13 106 4751
Pt18 170 4743
Pt18 209 4735
Pt25 110 4727
pt27 161 4720
pt28 209 4712
Pt33 157 4704
Pt37 117 4697
Pt45 131 4689
Pt64 147 4681
Pt70 67 4673
Pt85 117 4666
Pt86 124 4658
Pt87 73 4650
Pt88 128 4643
Pt90 159 4635
Pt90 151 4627
Pto1 110 4619
Pt91 52 4612
Pt95 68 4604
Pto8 145 4596
Pt100 119 4589

259




Pt102 138 4581
Pt105 106 4573
Pt13 147 4565
pt27 223 4558
Pt43 148 4550
Pt43 133 4542
P63 196 4535
Pt87 149 4527
P88 95 4519
Pt89 242 4511
Pt89 204 4504
Pt93 114 4496
Pt95 118 4488
Pt96 331 4480
Pt97 211 4473
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List of above and below knee median leading edge gradients at

respiration frequencies for the venous control group

Controls Above knee Below knee
gradients (a.u) gradients (a.u)

Pt4 40 21
Pt5 21 11
Pt6 33 44
Pt8 28 13
Pt9 27 23
Pt10 12 7

Pt11 15 8

Pt12 10 38
Pt3 16 21
Pt7 35 29
Pt92 28 16
Pt93 31 48
Pto4 19 15
Pt95 37 7

Pt96 16 11
Pt97 16 29
Pt99 11 12
Pt101 28 30
Pt102 32 22
Pt103 17 17
Pt104 19 42
Pt105 22 28
Pt106 15 10
Pt107 29 34
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List of above and below knee median leading edge gradients at

respiration frequencies for the venous patient group

Patients Above knee Below knee
gradients (a.u) gradients (a.u)
Ptl 7 5
Pt2 12 8
Pt13 10 7
Pt14 14 14
Pt16 11 12
Pt15 26 20
Pt17 19 5
Pt18 5 2
Pt19 15 7
Pt20 26 22
Pt21 9 5
Pt22 3 4
Pt23 17 8
Pt24 9 11
Pt25 14 12
Pt26 4 4
pt27 48 35
Pt28 16 10
Pt29 7 37
Pt30 26 7
Pt31 14 7
Pt32 18 6
Pt33 13 24
Pt34 48 17
Pt35 49 55
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List of below knee power densities for venous control group

Controls .
Below knee power density at
respiration frequencies (a.u)
Pt4 5293
Pt5 3460
Pt6 9274
Pt8 2958
Pt9 5161
Pt10 1850
Ptl11 2448
Pt12 11203
Pt3 4636
Pt7 6243
Pt92 6088
Pt93 8466
Pto4 3410
Pt95 2237
Pt96 4836
Pt97 7861
Pt0099 3135
Pt101 7995
Pt102 5563
Pt103 3241
Pt104 7875
Pt105 4543
Pt106 3150
Pt107 10325
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List of below knee power densities for venous patient group

Patients Below knee power density at
respiration frequencies (a.u)

Ptl 1880
Pt2 1904
Pt13 2364
Pt14 2772
Pt16 2811
Pt15 3750
Pt1l7 2387
Pt18 679
Pt19 1418
Pt20 4143
Pt21 1107
Pt22 2291
Pt23 1859
Pt24 2797
Pt25 3730
Pt26 1150
Pt27 9719
Pt28 2424
Pt29 11061
Pt30 2497
Pt31 2743
Pt32 1601
Pt33 4161
Pt34 7728
Pt35 1880
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