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Abstract

An in-shoe laser Doppler sensor for assessing

plantar blood flow in the diabetic foot.

Jonathan Edwin Cobb

Plantar ulceration is a complication of the diabetic foot prevalent in adults with type 11
diabetes mellitus. Although neuropathy, microvascular disease and biomechanical
factors are all implicated, the mechanism by which the tissue becomes pre-disposed to
damage remains unclear. Recent theories suggest that the nutritional supply to the tissue
1s compromised, either by increased flow through the arteriovenous anastomoses
(‘capillary steal’ theory) or through changes in the microvasculature (haemodynamic
hypothesis). Clinical data to support these ideas has been limited to assessment of the
unclad foot under rest conditions. A limitation of previous studies has been the
exclusion of static and dynamic tissue loading, despite extensive evidence that these
biomechanical factors are essential in the development of plantar ulceration. The
present study has overcome these problems by allowing assessment of plantar blood

flow, 1in-shoe, during standing and walking.

The system comprises a laser Doppler blood tlux sensor operating at 780nm, load
sensor, measurement shoe, instrumentation, and analysis software. In-vitro calibration
was performed using standard techniques. An in-vivo study of a small group of diabetic
subjects indicated differences 1n the blood tlux response between diabetic neuropaths,
diabetics with vascular complications and a control group. For example, following a
loading period of 120s, relative increases in response from rest to peak were: Control
(150% to 259%), Vascular (-70% to 242%), Neuropathic (109%-174%) and recovery
times to 50% of the peak response were: Control (33s to 45s), Vascular (43s to >120s),
Neuropathic (>120s). Dynamic re-perfusion rates (arbitrary units per millisecond)
obtained for the swing phase of gait were: Control (6.1 a.u/ms to 7.9 a.u/ms), Vascular

(4 a.u/ms to 6.2 a.u/ms), Neuropathic (2.3 a.u/ms to 4.5 a.u/ms).
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Chapter 1 Introduction

1.0 Introduction

This thesis documents a research project to develop and characterise a system capable
of monitoring pressure and blood flow, at the plantar surface of the human foot, within

a shoe.

1.1 Rationale

Plantar ulceration in the diabetic foot 1s a serious complication of diabetes mellitus,
which can result in gangrene and may require amputation of the attected limb. In 1989,
the St Vincent declaration (World Health Organisation 1990 — Appendix A) included a
five year target for Europe to reduce the rate of limb amputations arising from diabetes
mellitus by 50% (Campbell and Lebovitz 1996). Despite improvements in the
prevention and treatment of diabetic foot complications, the incidence remains
unacceptably high. Williams (1994) estimates that of approximately 750,000 people in
the United Kingdom diagnosed with diabetes 4% (30,000) have already undergone
amputation of all or part of the limb and 6% (45,000) have plantar ulcers.

Microvascular and neuropathic factors have been proposed as the principal factors in
the pathogenesis of plantar ulceration (Flynn and Tooke 1995, Netten et al. 1996,
Vigilance et al. 1997, Shaw and Boulton 1997). There is also considerable evidence that
abnormal plantar pressures occur in the diabetic foot (Boulton et al. 1983, Lord et al.
1986, Stess et al. 1997). Plantar ulcers do not normally occur in the absence of pressure
and a reduction 1n pressure 1S the normal pre-requisite for healing (Cavanagh and
Ulbrecht 1994). Consequently, plantar pressure is an important contributory factor in

the development of ulceration (Ulbrecht et al. 1988, Brand 1990, Grunfeld 1992).

The precise role of pressure in the development of plantar ulceration is unknown. It has
been suggested that the mechanical properties of skin may be altered in the diabetic

(Elkeles and Wolfe 1991, Nikkels-Tassoudji et al. 1996). Abnormally high plantar
pressures may affect skin blood tlow in plantar tissue. Although pressure does have a
significant affect on skin blood flow 1n normal tissue (Daly et al. 1976, Tsay 1991,

Kabagambe et al. 1994) a temporary reduction in blood flow is compensated for by the
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hyperaemic response. However, in the diabetic, this response is frequently impaired

(Rayman et al. 1986b, Flynn and Tooke 1995).

To the author’s knowledge, there has not been a clinical study of the affect of plantar
pressure on microcirculatory blood flow in the diabetic foot, at typical sites of
ulceration. This is in part due to the difficulty of making non-invasive, skin blood tlow
measurements, particularly in-shoe. The recent availability of low cost, miniature laser

diodes together with photodiodes and thin film pressure sensors, provides the basic
technology for an in-shoe sensor to give a simultaneous indication of plantar skin blood
flow and plantar pressure. The realisation of this type of sensor could be of use to the

clinician seeking to further understanding of ulceration in the diabetic foot.

1.2 Diabetes Mellitus

1.2.1 Introduction

Diabetes Mellitus is a chronic, incurable disease of man arising from various metabolic

disorders; each having the common feature of elevated blood glucose levels
(hyperglycaemia). Variations occur in the actiology, presentation and complications of

the various forms of the disease. In order to distinguish between these, a standardised
classification has been promoted by the World Health Organisation. The two most

prevalent sub-classes, which occur in developed countries, are:

1. Type I (Insulin-dependent diabetes mellitus).

2. Type II (Non-insulin dependent diabetes mellitus).

Type 1 diabetes mellitus occurs primarily in Caucasian children. The peak onset age
range 1s 10 to 13 years (Kelleher 1988). It 1s a consequence of the destruction ot Beta
cells in the 1slets of Langerhans, generally considered an autoimmune reaction, and

triggered by environmental factors in those genetically predisposed to the disease.
Treatment 1s by regular injection of insulin to restore blood glucose back to normal

levels.

Type II diabetes mellitus 1s the most common form of the disease accounting for about

80 per cent of all cases of diabetes (Campbell and Lebovitz 1996). This form typically

affects those in middle to old age, and the incidence increases with age. The causative
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mechanisms are not well understood although increased insulin resistance and reduced
Beta cell function are widely implicated (Corbett and McDaniel 19935, Sinagra et al.

1997). Treatment is typically by diet and orally administered anti-hyperglycaemic

medication.

1.2.2 Epidemiology and outlook

In the west, the number of people with diabetes mellitus is typically estimated at 2-6%
of the population. However, the prevalence for those over the age ot 65 is typically

10-20% of the population (Cambell and Lebovitz 1996).

The 1998 estimate of 143 million diabetics world wide, is expected to double by 2025,

as life styles in developing countries become similar to those in the west (International

Diabetes Federation 1998).

The use of insulin and anti-hyperglycaemic treatments has greatly improved the life
expectancy of the diabetic. However, the disease pre-disposes the long-term diabetic to

a number of acute and chronic complications, which reduce the life expectancy of the

diabetic by about ten years for both, type I and type II. The insidious nature of type 1l

diabetes mellitus often results in complications being present at the time of diagnosis.
The nature of these complications is often severe, leading to a reduced quality of life for

the individual and imposing high costs on the health care service.

1.2.3 Complications

Chronic complications of diabetes mellitus affecting the microvascular system are
retinopathy, nephropathy and neuropathy. These complications are specific to the
disease. Complications affecting the macrovascular system are cardiovascular,
cerebrovascular and peripheral vascular disease. These macrovascular conditions also
occur in non-diabetic groups, although are more likely to coexist and exhibit accelerated
development in the diabetic. With respect to the diabetic foot, the most important

complications of diabetes are neuropathy and peripheral vascular disease.

Diabetic neuropathy is thought to occur as a result of demyelination due to metabolic
change, or ischaemia due to haemodynamic change (Ellenberg 1990). In chronic

peripheral neuropathy, sensory function is particularly affected, and the loss of
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sensation frequently results in ulceration of the foot due to repeated unrecognised

trauma. Peripheral vascular disease is up to six times more common 1n the diabetic than

in the non-diabetic population (Levin and O’Neal 1988). Peripheral vascular disease can

impair the nutritional supply to and within the foot, often resulting in ulceration which,

If untreated may become gangrenous.

1.3 The Diabetic foot

1.3.1 Introduction

Complications, assessment techniques and methods of treatment of the diabetic foot are

summarised.

1.3.2 Symptoms and complications of the diabetic foot

The term 'diabetic foot' refers to complications of the foot specitic to the diabetic, as
distinct from those that occur in the diabetic because of peripheral vascular disease. In
the latter case the foot 1s very painful, ischaemic and exhibits patches of gangrenous
tissue typically on the dorsum of the toot. This condition 1s rare under sixty years of
age. However, the incidence increases with age because of accelerated atherosclerosis.
In contrast the true diabetic foot appears distended, 1s warm to the touch and appears
well perfused. Tissue damage frequently affects the plantar aspect of the foot and is
particularly prevalent under the heads of the metatarsal bones (Lord et al. 1986,
McKeown 1994). The incidence increases above forty years of age to reach a peak of
14% 1n the eighty plus age group (Connor 1994). The most important distinguishing
feature 1s the absence of pain accompanying these symptoms, due to sensory
neuropathy. Photograph 1(a,b) shows two examples of plantar ulceration in the

neuropathic diabetic foot.
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Sensory neuropathy, affecting the foot of the diabetic, increases the risk of further tissue
damage, as the absence of pain can prevent the subject from seeking treatment. For this

reason, diabetic clinics advocate that patients adopt a policy of regular inspection of
their feet. However, the foot surface may exhibit only superficial damage during the
early phases of ulceration, whilst considerable damage 1S occurring in deeper tissue
(Levin 1988, Elkeles and Wolfe 1991). If the condition continues to progress, gangrene
can spread within the foot and the skin eventually ruptures, leading to an increased risk
of infection. This process typically occurs over a period ot several weeks to several
months, and results in a build up of toxins, leading to a rapid deterioration in health,
which can be fatal. In the past, the standard treatment for the advanced diabetic foot was
amputation of foot or lower limb. Following the St Vincent declaration (Appendix A),
considerable effort has been applied to reduce the number of amputations resulting from
diabetic foot disease. The most i1mportant factor 1n preventing the severest
complications of diabetic tfoot disease 1s identification of those most at risk, together
with regular inspection and routine screening of this group. The risk factors leading to
ulceration have been identified as: Previous occurrence, age, peripheral vascular

disease, neuropathy and structural deformity (Connor 1994). The most important step to i

prevent further ulceration and allow healing is to reduce or remove the biomechanical

forces acting on the affected region (Levin 1988, Cavanagh and Ulbrecht 1994).

Methods of assessment and treatment of the diabetic foot are considered in more detail

in the following sections.

1.3.3 Assessment techniques for complications of the diabetic foot

A number of techniques have been applied to screening and monitoring of the diabetic

foot and these are routinely employed in diabetic clinics and in hospitals.

During a routine inspection, an initial manual assessment is made of the whole foot.
Symptoms of swelling, increased temperature, ischaemia, reduced sensitivity, the
formation of callus, dry fissured skin and changes in the structure of the foot, are all
signs of a deterioration in foot status (Hill 1987, Connor 1994) and should be
monitored. It 1s recommended that plantar callus be removed (Mclnnes 1994, Steed et
al. 1996) as this 1s known to increase pressure within plantar tissue (Young et al. 1992,

Murray et al. 1996). If a patient has a history of ulceration, sites of previous ulceration
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should be carefully assessed, as recurrence is common (Grunteld 1992, Apelgvist et al.
1993). If possible the insole of the patients shoes should be inspected for signs of
excessive wear as this indicates a localised increase in pressure. The shoes should be
checked for embedded objects such as stones and the adequacy ot fit checked, as these

are frequent causes of damage to the insensitive diabetic foot.

Non-manual techniques are also used to assess the diabetic foot. Plantar pressures can
be monitored using one of the several commercially available systems (Cobb and
Claremont 1995 — Appendix E). Increases in pressure or the duration for which pressure
is applied, as well as changes in the overall pressure distribution, require careful
evaluation and preventative measures to reduce the risk of ulceration. Assessment of the
progression of sensory neuropathy can be achieved using sensory stimulators (Grunfeld
1992), for example, the Semmes-Wienstein monofilaments, Biothesiometer or thermal
probe. The patients perception of the applied stimuli provides an indication of the extent
of sensory neuropathy (Brand 1990, Lavery et al. 1998) and can be usetul as part of the
overall assessment of the risk of ulceration. The presence and extent of peripheral
vascular disease can be assessed using Doppler ultrasound (Hill 1987, Williams et al.
1993), plethysmography (Levin 1988) or laser Doppler tlowmetry (Stevens et al. 1993),

to determine systolic pressure at the ankle or great toe respectively.

Where a routine assessment of the diabetic foot gives an indication of ulceration,

structural changes 1n the foot, inadequate blood supply or infection the patient can be

-q_-______

referred tor radiological assessment (Dyet 1994). Application of magnetic resonance
imaging 1s increasing (Patton 1991, Weinstien et al. 1993, Edelman et al. 1997), as the
technique 1s capable of resolving between skin, soft tissues, blood vessels and bone, and

has proved usetul in 1dentifying areas of oedema and infection (Cook et al. 1996).

1.3.4 Methods of prevention and treatment of diabetic foot complications

Regular inspection by the informed patient and attendance at a diabetic foot clinic are

important in reducing the risk of developing complications of the diabetic foot.

There are several preventative measures that the diabetic patient can employ to reduce
the risk of complications of the foot. Some clinics advise patients adopt a routine of

soaking of the feet (Grunfeld 1992) together with application of moisturising creams, to
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prevent dry skin. Prescription treatments rather than commercial treatments are required

for fungal infections such as Athlete's feet, due to the increased risk of secondary

infection in the diabetic. Similarly, corn plasters should not be used, as there 1s a risk of

increased pressure. Regular cutting of toenails 1s necessary to avoid ingrown toenails,
which are a particular hazard for the insensitive foot. Minor cuts and abrasions should

be carefully cleansed, treated with an antiseptic, and monitored until fully healed.

Correct choice of footwear 1s important (Cavanagh et al. 1996, Mueller 1997) and in
many cases, orthopaedic shoes and insoles are prescribed for the diabetic patient. These

may reduce the risk of ulceration by reducing peak plantar pressures (Schaff and

Cavanagh 1990). In the design of orthopaedic shoes tor the diabetic, an indication of

the plantar pressure distribution needs to be obtained, so that an insole can be designed
to reduce pressure in regions prone to ulceration. Fitting by a specialist is required to

ensure that a safte pressure distribution has been achieved under the whole foot.

a1

Unfortunately, despite the benefits of regular care many diabetic patients, through a lack

of awareness or inclination, fail to adopt simple preventative measures to protect their
feet (Knowles and Boulton 1996, McCabe et al. 1998). This factor coupled with the
presence of sensory neuropathy, often results in the symptomatic diabetic foot being
1ignored prior to ulceration (Brand 1990). The undesirable consequence is that treatment

must be started immediately to stem progress of the ulcer and this may require

hospitalisation.

The first step in the treatment of the ulcerated diabetic foot is to assess sufficiency of
the vascular supply to the foot (Edmonds and Foster 1994). If this is found to be
inadequate the ulcer can fail to respond to treatment, and furthermore, the trauma of

surgical intervention can lead to permanent tissue damage and gangrene. To avoid such

complications, the patient can be referred for vessel revascularisation using procedures

such as arterial reconstruction (Stonebridge and Murie 1993) or angioplasty (Faglia et

al. 1996).

I'reatment of a neuropathic plantar ulcer commences with removal of the protective

callus to allow underlying necrotic tissue to be excised (McInnes 1994). A sample of

the tissue 1s analysed by the pathology lab and if the foot is infected, an appropriate
antibiotic administered (Jeffcoate and Finch 1994). A suitable dressing is applied to the
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wound and progress routinely monitored. Mobilisation of the patient typically requires
immobilising the foot to avoid loading of the ulcerated region. For example, Brand
(1990) describes the application of a total contact plaster cast with a rocker base, which
covers the foot and lower limb, extending to below the knee. A limitation of this
approach arises from the difficulty of assessing the progress of healing. This problem
has been solved by the introduction of orthopaedic footwear, which performs an

equivalent reduction of loading under the site of ulceration, for example the Darco

healing shoe (Orthopaedic Systems Ltd, Widnes, Cheshire).

Following successful healing, the location in which the ulcer occurred should be

routinely assessed to reduce the risk of recurrence.

1.4 Summary

The most important consequences of the diabetic foot are the risk of amputation to the
patient and the high cost of treatment to the health service. Early detection of risk
factors is important in preventing the development of ulceration. Current methods for
assessment of vascular, neuropathic and biomechanical complications of the diabetic

foot are limited by difficulty of application and of clinical interpretation. The highest
incidence of plantar ulceration occurs in type 1l diabetics with sensory neuropathy. In

these subjects, it is reasonably straightforward to quantity the degree of neuropathy and \ —
plantar pressures but threshold levels for ulceration are not well defined. The basic \
problem in stating threshold levels for ulceration 1s the difficulty of assessing the attects T
of increased plantar pressures on plantar skin tissue. However, it is generally considered _j
that the nutritional supply to the tissue 1s impaired. In the majority of cases, this is made
worse by additional vascular complications, which may include macrovascular and
microvascular disease and autonomic neuropathy. Assessment of plantar vascular status

in the diabetic toot 1s complicated by the problem of obtaining data during normal ‘i
conditions of loading 1.e. for standing and walking. The objective of this research is
theretfore to enable such measurements to be made in order to gain further insight into

the underlying mechanisms of ulceration. It is hoped that this will provide a basis for
improving the accuracy with which ulceration in the diabetic foot can be predicted.

Consequently, the aims of the project are now stated.



235

1.5 Aims

The aim of this research is to design and evaluate a sensor for assessment of plantar

blood flow in-shoe, during standing and walking.
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Chapter 2 Theoretical background

2.0 Aims and introduction

The aim of this chapter is to review the general background and relevant theory. In the
first section, the osteology and angiology of the foot are described, with emphasis on
the plantar and metatarsal regions of the foot. The second section considers the structure
of the skin and the effects on the cutaneous microcirculation of compression and shear.
Risk factors in the development of pressure sores are stated. The final section considers
the theory of laser Doppler flowmetry and shows the basis for obtaining an estimate of

blood flux from measurements of the optical field, backscattered from the skin.

2.1 The foot

The foot comprises 26 bones and 11 muscles, which together with various ligaments

and tendons support the body weight and provide leverage during walking (Palastanga

et al. 1994).

2.1.1 Anatomy of the plantar aspect of the foot

The skeletal structure of the foot includes the posterior tarsus (hindfoot), central
metatarsus (midfoot) and anterior phalanges (forefoot), (Whittle 1991). Figure 1

illustrates the skeletal structure of the foot.

2.1.2 Osteology

Two bones ot the hindfoot provide the structural link between the foot and the bones of

the lower leg. The largest 1s the oblong calcaneous, which projects rearward to form the

heel. A large number of ligments form a strong connection between the calcaneous and

the bones of the midfoot and forefoot. Body weight is transmitted downward through
the calcaneous to the ground. To protect the calcaneous against these forces, the plantar
surface of the bone 1s covered with the fibrous cushioning tissue of the heel pad. The
internal structure of the bone 1s also adapted for weight bearing. The anterior surface
articulates with the cuboid bone of the midfoot. The second hindfoot bone, the talus,

lies above the calcaneous. It 1s angled slightly forward and medially, providing a
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coupling of force between the tibia and the calcaneous. The anterior aspect of the talus

connects to the navicular bone of the midfoot.

The cuboid and navicular bones, together with three anterior cuneiform bones form the
structural midfoot. The navicular articulates with the talus and the three cuneiform
bones. The cuboid i1s located inferior and lateral of the navicular and cuneiforms. The
anterior surface articulates with the two minor metatarsals of the forefoot. Both long
and short plantar ligaments connect to the cuboid. The largest of the cuneiforms, the
anterior medial cuneiform, articulates the first metatarsal bone. The second and third
metatarsals are articulated by the anterior of the intermediate cuneiform and lateral

cuneiform, respectively.

The forefoot of each foot has five metatarsal bones, which articulate at their basal end
with the bones of the hindfoot and through a cylindrical shaft to a head, which connects
to the phalanx of the associated toe. The metatarsal heads are convex in both the lateral
and transverse planes. To the rear on either side are a tubercle and a small depression to

which ligments attach. The phalanges ot the foretfoot form the toes.

2.1.3 Arthrology

At the rear of the foot, the ankle joint acts as a hinge allowing dorsiflexion and
plantartflexion of the foot, as well as limited lateral sway. Seven joints form the
intertarsal group, which support movement ot the foot including inversion, eversion and
some rotary movement and contribute to weight bearing. The tarsometatarsal and
intermetatarsal joints determine movement of the metatarsals, which is limited by
bounding tendons, except for the first metatarsal, which can exhibit considerable
freedom of movement. The metatarsophalangeal joints occur at the interface between
the metatarsal heads and the posterior phalanges. Considerable transverse movement is
possible, whereas, lateral movement of only a few degrees is normal. Movement of the
phalanges 1s determined by the digitorum brevis muscle (Van De Graff and Fox 1992),
situated in the dorsum of the foot. Movement of the rest of the foot is determined by
various plantar muscles, active at different times during the gait cycle. These muscles

provide propulsion, balance and maintain the arches of the foot.
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2.1.4 Arches of the foot

The arches of the tfoot arise from the curved nature of the ligaments and tendons,
binding the bones of the foot. The resulting structure provides a spring like suspension
mechanism, that results in the transmission of body weight primarily through the
calcaneous and metatarsal bones (Lord 1986). The medial and lateral arches reach from
the calcaneous to the heads of the metatarsals, reducing the transmission of body weight
through the midfoot region. Load bearing capability 1s increased by a transverse arch

across the base of the metatarsals.

2.1.5 Angiology

The arterial supply to the foot is provided by posterior and anterior tibial arteries
(Sarrafian 1993). The posterior tibial artery joins the toot at the medial mid-heel and
divides into the medial and lateral plantar arteries, close to the heel. The lateral plantar
artery continues, proximal with the centre line of the foot, to the midfoot, where it
branches into the four plantar metatarsal arteries. This branching segment forms the
deep arterial plantar arc, which continues transversally across the foot to meet the
continuation of the medial plantar artery. The first plantar metatarsal arteries extend to
form arterial loops. For example, the junction of the deep arterial plantar arc and the
medial plantar artery, branches medially, as a continuation of the first plantar metatarsal
artery and transversally, as the common digital artery. These branches are joined at the
beginning of the great toe by the transverse hallucal anastomotic branch. The lateral and
medial plantar arteries supply the extensive vessels of the plantar skin tissue, the Planta
pedis. The plantar surface can be divided into four arterial regions of which the region
under the metatarsal heads 1s referred to as the distal region. In this region, perforating

arteries arise from the plantar metatarsal and digital arteries, which are situated above

the plantar fascia. They pass vertically through the plantar fascia to reach the subdermal

plexus. Figure 2 illustrates the distribution of the plantar arteries.

The venous network of the Planta pedis forms an extensive mesh of vessels over the

entire superficial surface of the foot. This mesh extends through the subdermal plexus
and into the dermis. The superficial venous system converges into the medial and lateral
veins of the dorsal venous system. These plantar veins do not have valves and the

direction of blood flow 1n the foot 1s determined by the veins of the dorsum.
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2.1.6 Anatomy of the metatarsal head region

Although the skin under the metatarsal region is relatively thick, the metatarsal heads
are easily felt through the skin. Between the skin and the bone are adipose cushions that
provide protection from external forces. Similar fat bodies occur in the separations
between each metatarsal bone. These oblong fat bodies are retained by layers of
collagenous sheet, the plantér aponeurosis, located in the inter-metatarsal head regions
and subcutaneously. The lower bands connect intermediately with the dermis forming a

strong bond, consequently, the skin in this region exhibits little movement.

The sub-metatarsal adipose bodies, directly under the metatarsal heads contain
collagenous fibres, which extend from the plantar aponeurosis, and local tendons and
ligaments. The superticial plantar arteries and plantar nerves traverse only those sub-
metatarsal adipose bodies located between the metatarsal heads. The plantar arteries are

located deep within the fat body and are well protected. Figure 3 illustrates the anatomy

of the metatarsal head region.

Metatarsal heads

. Vertical fibres

Plantar skin Fat body Plantar cushion

Higure 3 Anatomy of metatarsal head region.
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2.2 The skin

2.2.1 General structure

T'he skin 1s the largest organ of the human body, accounting for 7% of body weight. The
two main layers are the epidermis and dermis. Figure 4 illustrates the structure of the
skin and microvasculature. The surface of the epidermis, the stratum corneum, is
composed of dead keratinised cells, which protect the body from the environment. This
layer 1s continually produced by keratinocytes in the lower epidermal, stratum basale
layer. Macrophages within the epidermis provide protection from ingress of bacteria

and debris.

The dermal or corium layer below the epidermis contains a network of vessels,
supporting fibres and nerves. As well as performing localised functions, the dermis is

important in regulating body temperature and blood pressure.

Lying below the dermis is the hypodermis or subcutaneous tissue, which binds the skin
to underlying structures. There 1s a high proportion of lipid storing adipose cells in this

region, providing thermal insulation for the body.

The thickness of the skin varies over the body, the normal range for the epidermis 1s
0.007-0.12mm, and for the dermus 1-2 millimetres, (Van De Graft and Fox 198)5). At
locations of high wear such as the soles of the feet and palms ot the hands, the skin

thickness can increase to about 6mm (Palastanga et al. 1994).

2.2.2 Plantar sensory system

The dermus is extensively innervated with effectors and sensory receptors. The latter are
represented by tactile, pressure, thermal or pain sensitive, nerve cells. In some areas ot

the body, including the soles of the feet, the concentration of sensory receptors 1S
relatively high (Van De Graaff and Fox, 1985). Three types of receptor respond to
mechanical stimulus of the skin (Schmidt and Thews, 1987). These are referred to as
slowly adapting (SA), rapidly adapting (RA) and very rapidly adapting. The SA fibres
in the sole of the foot are sensitive to the intensity of plantar pressure. Both types of
rapidly adapting receptors only respond to dynamic changes in plantar pressure.

Dynamic pressure changes, due to tissue deforming with constant velocity, are sensed
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by the RA fibres. Tissue deformations with increasing velocity (acceleration) are sensed
by the very rapidly adapting receptors. Each of the receptors relays signals to the central
nervous system, which continually alters stance and gait, to optimise the distribution of

body weight. Response times of these receptors are are typically within 50 to 500ms

(Schmidt and Thews 1989).

Epidermis
Capillaries
Arteriole
B
0.5-6mm
Venule Dermis

Subcutaneous
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Arterial Venous
blood blood

Figure 4 Structure of the skin and microvasculature.
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2.2.3 Structure of the cutaneous microcirculation

The arterioles that supply the microcirculation terminate in meta-arterioles and
capillaries, which are thin walled vessels with diameters of less than 100um. The meta-
arterioles form a link between arteriole and venule. The capillaries are looping
structures that extend orthogonal from the meta-arterioles, to perfuse tissue, before
entering a draining venule. Each meta-arteriole supports several capillaries. Each
capillary 1s a single layer of endothelial cells supported by a thin basement membrane.
Nutrients pass through intracellular channels in the capillary wall and diffuse into local

tissue cells. At some sites on the body arteriole-venule linking structures, the

arteriovenous anastomoses are observed. These differ from the meta-arterioles, being
larger diameter vessels with prominent, smooth muscle walls. These vessels are the
primary heat exchange mechanism in the thermoregulatory control of body temperature
and do not participate in tissue nutrition (Little and Little, 1989). The arteriovenous

anastomoses (AV-shunts) occur in large numbers in the skin of the fingers, toes, palms

and face.

2.2.4 Regulation of microvascular blood flow

Nutritional blood flow in the microcirculation 1s controlled by arterioles. The diameter
of the arterioles 1s determined by stimulation of the muscular walls off the vessel. The
degree of stimulation 1s primarily governed by local factors including; temperature, pH,

tissue deformation, oxygen and carbon dioxide levels 1n the blood and local interstitial

fluid. In contrast the thermoregulatory flow through the AV-shunts i1s primarily

controlled by the hypothalamus i1n response to thermoreceptor signals (Green, 1987).

The smooth muscular walls of the arterioles are normally 1n a state of partial
contraction. This allows blood flow to be determined, via a sympathetic response alone,
via increased or decreased stimulation about the rest level. The rest level varies
continuously about a mean, depending on the nutritional requirements of the tissue
(Strackee and Westerhof 1993). In the skin, periods of complete arteriole closure and a
consequent cessation of capillary blood flow are observed (Little and Little 1989). This

periodic variation in flow 1s termed vasomotion and has a typical frequency in skin of

5-6 times per minute (Fagrell et al. 1977).
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Increased tissue activity leads to a rise in the by-products of metabolism, many of which
are vasoactive substances (Guyton 1992). These act as a trigger, resulting in
vasodilation of arterioles. The heightened blood flow satisfies the additional nutritional

demands of the tissue and diminishes the concentration of by-products, thus reducing

the stimulus for further vasodilation. The same autoregulatory mechanism also helps to

1solate local blood flow from changes in main arterial blood pressure, so that a

relatively constant perfusion pressure is maintained throughout the capillary bed.

The transient phase of this autoregulatory, blood flow mechanism 1is termed
hyperacmia. If blood flow to skin tissue 1s occluded for a short time, the build up of
vasoactive substances can trigger a period of full arteriole vasodilation, termed reactive
hyperaemia (Michel and Gillott 1990). This also occurs 1n response to abnormal tissue
deformation, induced for example, by shear forces and following skin trauma, such as a
sting. In the case of abnormal forces, the trigger mechanism is the stretching of the
muscular walls of the arterioles, whereas for trauma, the trigger 1s the release of a

vasoactive compound, such as histamine (Guyton, 1992).

[ocalised control of nutritional blood flow by metabolic factors is dominant for skin
surface temperatures of 25-30°C (Scott, 1986). Below this range, cellular activity in
skin tissue falls considerably and the degree of centralised control of microcirculatory
blood flow is increased to avoid a reduction in core temperature. Above this range,
thermoreceptors in the skin activate a parasympathetic triggering of sweat glands, which
release the vasodilator bradykinin. The increased microcirculatory blood flow helps to
radiate heat from the body in addition to that lost via the AV-shunts. This mechanism is

necessary, as the AV-shunts do not exhibit autoregulatory behaviour in response to

local physical or metabolic factors.

2.2.5 Nutritional exchange between blood and tissue

The junction between arteriole and capillary is termed the pre-capillary sphincter. When
fully dilated the cross sectional area of the orifice 1s only 0.2mm°. For this reason, blood
flow in the capillaries is by singular or small chains of red blood cells (RBC), which are
separated by pockets of plasma. Capillaries typically vary in length from 0.4-0./mm
(Schmidt and Thews 1989) and have a typical diameter of 0.008mm (Van De Graff and

Fox 1992).
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The parallel structure of the capillary network reduces perfusion pressures to relatively
low levels, with mean RBC velocities in the range of 0.07-2mm.s” (Nilsson and
Tenland 1980). These conditions are adequate for the exchange of nutrients between

RBC, and plasma and the interstitial space. Cellular by-products also diffuse into the

vessels. Nutrients in the interstitial space quickly reach active cells because the mean
distance from a capillary is only 20um (Little and Little, 1989). The rate of diffusion is
high due to the large surface area of capillaries. The skin as a whole receives between

[50ml and 500ml of blood per minute (Green 1987) with each capillary supplying from
0.04 to 0.27mm? of the dermis (Nilsson et al. 1980).

The anatomical structure of the microcirculation exhibits considerable variation at

different body sites and between individuals (Ryan 1985).

2.2.6 Biomechanics of the skin

Skin 1s one of the most complex soft tissues of the body. The layers of the epidermis
and dermis are interconnected meshes of collagen, elastin, blood, nerve and lymphatic

vessels surrounded by interstitial fluid. The thick keratinised stratum corneum of the
upper superficial epidermis is important in determining the mechanical strength of the
skin of the palms and soles. In general however, the mechanical strength of the skin is

determined by collagen, elastin and the properties of the subcutaneous tissue to which

these fibres attach (Scales 1990).

The mechanical strength of the skin can be assessed in vivo by application of vertical

stress to tension the skin. These tests indicate a nearly exponential increase in extension
with applied force. If the skin i1s relaxed and re-tensioned, the extension 1s increased,
indicating a significant time-rate dependence or creep (Kennedi, 1980). The particular

results obtained also depend on the orientation of the skin in tension, so that the

mechanical properties of the skin are anisotropic.

Forces acting on the skin can occur as result of external loading or from internal loading
by bony prominences. In general, a load will act over a definite area, and the ratio of the
magnitude of load to area is termed pressure. The effect of pressure on skin 1s to induce

stresses within the skin tissues (Bader 1990). These induced stresses depend on the
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direction in which load is applied. Compressive stress results from the application of a

perpendicular load and shear stresses from horizontal loading.

2.2.7 Development of pressure sores

The effect of applying relatively low level forces to the skin is a reduction in pertusion,
evidenced by a visual paling termed blanching. This type of response requires the
collapse of capillaries, suggesting that the external force is greater than the normal
capillary pressure of 30-32mmHg (Kabagambe et al. 1994). If excessive pressures are
applied for long periods, there is inadequate tissue nutrition, and the result is a pressure
sore or, more properly, a decubitus ulcer (Huether 1998). Pressure sores predominate in

those over seventy years of age (Pfeffer 1991) and this may be as a result of the altered

mechanical properties of the skin in the elderly, for example reduced collagen synthesis

(Phillips 1997).

Pressure sores tend to occur 1n specific regions of the body and these correspond to
positions with bony prominences near to the skin. In particular the lower back (sacrum),

the medial and lateral upper thigh, the rear and lateral heel, are all prevalent sites

(Barton and Barton 1981).

Loss of nutritional blood tlow, with pressure, normally occurs in the capillaries of the
dermal layer, which extend upward trom subcutaneous tissue. The looped structure of
these capillaries makes them susceptible to collapse (Pfetfer 1991). This problem 1is
compounded by shear forces, which cause the skin to move laterally over the
subcutaneous tissue. This tissue 1s composed mainly of fatty adipose tissue, which
distributes applied load over a larger area, reducing pressure. The amount of fatty tissue
depends on the body location and upon the individual. Thus, the cushioning effect 1s

variable.

The start of pressure sore formation is normally indicated by a region of under perfused,
blanched tissue that fails to reperfuse following removal of external pressure (Simpson
et al. 1996). Biopsies of this tissue indicate substantial structural damage to vessels
including capillary haemorrhaging (Reddy 1990). The consequent loss of nutrition can

result in tissue necrosis, occurring typically within 24 hours (Daniel et al. 1981). It the

necrotic tissue becomes infected rapid breakdown of tissue can occur, spreading
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through subcutaneous tissue and resulting in destruction of muscle and bone (Sandeman

and Shearman 1999).

Although the magnitude and duration of applied pressures are important indicators of
the risk of a pressure sore, the actual values required for ulceration, depend largely on

the distribution of forces within the tissue. In general, the microcirculation of the skin
does not exhibit ordered structure and individual vessels are, therefore, susceptible to

varying levels of compressive and shear force, depending on their location and

orientation. For this reason, both types of force are considered to contribute to pressure

sore formation (Pfefter 1991).

2.2.8 Pressure sore risk factors

Several other factors can contribute to the development of a pressure sore. The normal
composition of the bulk tissue space of skin 1s a slightly gelatinous semi-fluid, which
provides some structural strength (Kenedi 1980). In many pathological conditions
excess water collects in skin tissue resulting in oedema. Pockets of fluid within the skin

may increase the risk of ulceration by lowering resistance to pressure (Robertson et al.

1990). The presence of oedema is also thought to modify tissue nutrition (Mani et al.

1995).

The metabolic demands of skin tissue vary considerably with temperature. Small
increases in temperature result in a rapid increase in the nutritional demands of the
tissue (Scott 1986). For this reason, the duration for which an excessive pressure can be
tolerated reduces with increasing temperature because the tissue becomes hypoxic at a
faster rate. At lower temperatures, the metabolic demands of tissue are reduced.
However, if pressure induced ischaemia occurs, the required hyperaemic response can

be offset by the reduced blood flow arising from thermal vasoconstriction.

The malnourished and the obese are at greater risk of developing pressure sores. If body
fat reserves are low, the regions of skin under the bony prominences are not well
protected by a cushioning layer of fat, leading to increased pressures. In the obese, the
higher incidence of cardiovascular complications is thought to be associated with the

higher incidence of pressure sores in this group (Simpson et al. 1996).
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In some types of injury or disease, the risk of pressure sore formation is increased by
absent or reduced sensitivity, for example spinal cord injuries (Basel 1991) and diabetic
neuropathy (Sandeman and Shearman 1999). In these cases, pain associated with
Ischaemic tissue is not present, and shifting of body welght to relieve the affected
region, does not occur. Pressure sores in diabetics are particularly serious, as there is an

Increased risk of infection, inflammation of adjacent tissue and septicaemia (Huether

1998).

2.2.9 Assessment of skin pressure

Quantification and analysis of pressure distribution and the effects of pressure on skin

are 1mportant 1 developing understanding of pressure sore formation. Compressive
stresses under bony prominences have been shown (Tsay 1991) to act vertically from
the point of load application, through tissue to bone. Shear forces affect deep tissue
(Simpson et al. 1996), particularly where high-pressure gradients occur, for example at

tissue-bone and tissue-muscle interfaces.

Measurement of compressive loads on tissue 1s relatively straightforward if the
transducer can be applied to a nominally flat region of skin. Measurement of pressures
over curved surfaces and of shear stresses 1s normally impractical, due to the difficulty
of designing suitable transducers. Determination of the distribution of stresses within
tissue 1s complicated by the difficulty of measurement and specification of reliable
models because of the structural complexity ot skin tissue. Some data has been provided

by using phantoms or through invasive animal studies (T'say 1991).

The basic equation for determining pressure at the skin surface 1s P = F / A where F 1s
the force in Newtons and A is the area in square metres, resulting in normal SI units for

pressure of N/m”. The SI name for the unit of pressure is the Pascal (Pa).

In the literature, the large pressures acting under the foot are generally quantified 1n

units of kPa — MPa, or in terms of static loading by the body weight, in units of Kg/m®.

Useful conversion factors for these quantities are (Sykes et al. 1981):

1000N/m? = 101.9Kg/m” = 1kPa = 7.501mmHg.
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The preceding values are only valid for static loading. In dynamic studies, the additional

acceleration of the foot under motion requires consideration (Whittle 1991).

The use of force sensors to measure skin pressure requires careful consideration of
several factors: reducing sensor size is important to avoid altering the pressure
distribution 1n the region (Ferguson-Pell 1980), the area of the sensor over which the
force 1s applied should remain constant, and the sensor should respond only to

compression or to shear, so that each force can be independently quantified (Laing et al.

1992).

2.2.10 Methods of assessing skin pressure

Measurement ot pressure at the body-support interface can be achieved using null-type
pressure sensors normally based on an air bladder, or by detlection type sensors based

on the principle of deformation of a material. The null-type of sensor is normally

considered more accurate than the detlection type (Morris 1993).

A typical application of a bladder pressure sensor 1S in measurement of interface

pressure between the skin and a support cushion. The principle of operation 1s inflation

of a bladder until electrical connections on the upper and lower surfaces become open
circuit, at which point the bladder pressure is determined from a connected air gage.
Zhou (1991) states the main advantages of this type of sensor as: good complhiance with

curvature of soft tissues, good repeatability and insensitive to shear forces and

temperature variations.

For some clinical measurements including in-shoe measurement of plantar pressures, a
bladder pressure sensor is unsuitable. It is then necessary to use or adapt a conventional
deflection type of sensor for interface pressure measurement. An important constraint 1s
that the device should have a thickness of less than 0.5mm (Ferguson-Pell 1930) to
avoid redistribution of pressure. Sensors for measuring skin pressure are characterised
by a number of standard parameters: linearity, hysterisis, accuracy, frequency response,
range, creep and repeatability. Additionally factors such as temperature, humidity and
fatigue are often important. Cobb and Claremont (1995) have reviewed the sensor

technologies for determination of skin pressure with particular emphasis on foot
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pressure measurement (Refer to Appendix E). The basic types of deformable sensor are

summarised in the following paragraphs.

Semiconductor and metal strain gages mounted on a metallic diaphragm offer the

highest levels of performance in terms of repeatability, linearity and hysterisis.

However these devices require thermal compensation and produce incorrect responses

for oft-axis loading.

Capacitive pressure sensors, based on a change in capacitance between two or more
clectrodes 1n parallel, with deformation of an elastomer dielectric offer good
measurement performance and some compliance over curved surfaces. However, they
are difficult to use because the small changes in capacitance (~100pF) are difficult to
measure and the connection leads provide additional stray capacitance. Capacitive

pressure sensors for plantar measurement, have been described by Kothari et al. (1988)

and Zhu and Spronck (1992).

Piezoelectric transducers based on polyvinylidene flouride (PVdF) film can provide
accurate measurement of skin pressures and are easily scaled to suit a specific area or
constructed into arrays. The different axes of the material respond to either vertical or
horizontal loads and it is therefore feasible to simultaneously measure both
perpendicular and shear stress (Akhlagi and Pepper 1996). Such sensors can be difficult
to use because of the difficulty of electrical connection to the polymer film and the
generation of additional charge with temperature. Furthermore, the technique is only
responsive to dynamic loading and is therefore unsuitable for static assessment. A

complete plantar monitoring system based on this technology has been described by

Nevill (1991).

For reasons of cost, size and ease of use, the pressure sensor used in the plantar

monitoring system is a Force Sensing Resistor. This device is discussed in detail in the

following section.
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2.2.11 The Force Sensing Resistor

Transducers based on Force Sensing Resistor (FSR) technology are routinely used in
foot pressure measurement (Cavanagh et al. 1992). These are thin, 0.25mm — 0.7mm,
circular devices with diameters from 10-30mm. They are capable of measuring
orthogonal pressures over a range of 0-4MPa. This range includes the maximum
pressures observed under the diabetic foot of 3MPa (Whittle 1991). The FSR has the
advantage of being insensitive to shear forces in the typical range for skin, has
measurement repeatability per device of 2% and a frequency response to 1 kHz over the

full measurement range. Previous studies (Lord et al. 1992, Akhlaghi and Pepper 1996)

indicate that a frequency response extending to 200Hz 1s sufficient to track the dynamic

forces under the foot during walking.

Disadvantages of the FSR are:

A logarithmic response — giving reduced sensitivity at high loads.
A response, temperature dependence of 0.1% per Kg'. °C.

A device to device repeatability of +/-15% for loads above 1MPa.

These limitations can be overcome by compensation circuitry or software. However,
this requires individual calibration of each sensor over the full load and temperature

ranges. Calibration of the Force Sensing Resistor used in the plantar monitoring system

is discussed in Chapter 3.

2.2.12 Assessing the affects of pressure on the microcirculation

It is difficult to determine the effect on tissue blood flow of compressive and shear

stresses induced by external loading. The 133X enon-clearance technique (Chittenden and
Shami 1993) is a reliable but invasive method that can be used to determine blood flow
during external loading (Daly et al. 1976). Using this method Daly et al. (1976) found
blood flow to reduce rapidly for pressures up to 10mmHg and then at a slower rate until
cessation at systolic pressure. More recently, non-invasive techniques have been
investigated in clinical studies, including Transcutaneous oxygen tension (Kabagambe

et al. 1994) and laser Doppler flowmetry (Castronuovo et al. 1987).
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2.2.13 Methods of measuring skin blood flow

Techniques for assessment of the skin microcirculation are either invasive or

non-invasive.

Invasive methods allow accurate measurement of flow based on clearance of
radioisotope isotopes or of tissue perfusion based on fluorescent dyes. The application
of these methods usually results in a degree of trauma at the measurement site.
Detection of 1sotope clearance i1s made using a scintillation detector: distribution of

fluorescent dye can be studied under ultraviolet illumination. None of these techniques

1S suitable for continuous monitoring (Obied 1989).

Non-invasive techniques support qualitative assessment through capillaroscopy or
absolute or comparative measurement using thermal techniques (skin thermometry and

thermal clearance), evaluation of pressure (Skin perfusion pressure and transcutaneous

oxygen tension) and optical methods (Photoplethysmography and laser Doppler
tflowmetry) (Fronek 1989).

In static capillarosopy, the microcirculation is viewed directly using a microscope,
which 1s usually connected to a television camera to allow recording. Dynamic
capillaroscopy extends this technique to include electronic synchronisation and

processing of the image to allow quantification of red blood cell velocities (Fagrell et al.

1977). System size restricts application to easily assessable regions of the skin.

Thermal techniques employ thermistors or thermocouple probes to measure the
clearance or conductance of heat in the skin, which 1s related to cutaneous blood flow

(Challoner 1975). Caretul control of ambient temperature is required and the response is

slow (~<1Hz).

Skin perfusion pressures provide an indication of the volume of blood in tissue and
therefore provide an indirect assessment of the adequacy of blood tlow to the region.
Sensitive plethsymographic sensors based on strain gage, capacitive or electrical

impedance techniques are used in this application (Fronek 1989).

Determination of transcutaneous oxygen tension (tcPoj) is a quantifiable method of
assessing skin blood flow (Romanelli and Falanga 1999). A Clark-type platinum

electrode provides a current proportional to Po, (oxygen tension) at the skin surface. At
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normal skin temperature Po; at the skin surface is close to zero mmHg. Heating of the

skin usually in the range of 37-45°C results in an increase in blood flow and a

consequent increase in Po, at the skin surface to measurable levels (50-120mmHg

dorsal forearm).

Optical methods are increasingly used for assessment of the microcirculation because of
the ease of use and fast response. Photoplethsymography relates changes in intensity to
changes 1n blood volume (pulsatile) in the sample tissue (Challoner 1979). Both
transmussive and retlective modes of operation are possible. The dependence of the
response on the optical geometry of the sensor and uncertainty regarding the
physiological origin of the photplethysmographic signal are important limitations
(Lindberg et al. 1991). Laser Doppler flowmetry provides a response that increases
linearly with changes in both mean red blood cell velocity and red blood cell
concentration 1n a sample of tissue. The response 1s not quantifiable and the technique 1s
sensitive to movement artefact. Despite these limitations it has been widely used to
study the microcirculation and has previously been used to demonstrate

microcirculatory abnormalities on the dorsum of the neuropathic diabetic foot (Stevens

et al. 1993).

Justification for the use of laser Doppler 1n the present study is discussed 1n section 3.3

and a detailed discussion of the technique 1s presented in the following sections.

2.3 Determination of skin blood flow by laser Doppler flowmetry

2.3.1 Haemodynamics of the microcirculation

Determination of blood flow is complicated by the non-homogenous composition of
blood and the pulsatile nature of flow. The viscosity of blood 1s dependent on the shear
forces, exerted on the fluid at it moves (Evans et al. 1989). This dependence 1s most
significant in small vessels of less than 100 microns, which includes the arterioles and
capillaries of the microcirculation. In terms of flow, the fluid in these vessels 1s
considered as non-Newtonian (Francis 1976). The evaluation of this type of tlow
requires a complex model incorporating details of shear rate, blood viscosity and non-
linear flow effects such as plasma skimming (Little and Little 1989). An estimate of

blood flow rate can be obtained using a simplistic model that ignores these etfects
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(Strackee and Westerhof 1993). Empirical studies (Slaaf et al. 1993) indicate that this
approach can overestimate tflow rate by up to 25%. However, equations (1) to (4) given

below are usetul for obtaining approximate values for the red blood cell velocity range

in small vessels.

In the case of vessels for which mean particle velocities are low, and particle size is
small, relative to vessel diameter, laminar tlow i1s predominant (Marion and Hornyak
1985). Steady flow 1s defined by constant velocity and pressure conditions at each
point, within a vessel, and with respect to time. Arteriole tlow is intermittent but during
active periods, the flow is laminar at a rate proportional to the metabolic demands of the
tissue. In this situation, the velocity profile across the vessel becomes parabolic, so that
blood in the centre is moving with maximum velocity and is stationary at the vessel

walls. This is referred to as Poiseuille flow and the velocity of any particle within the

vessel can be determined from (Evans et al. 1989):

v(r)-:vMax(l—rz/Rz) (1)

Where, v(r) is the velocity of a particle, at distance r from the centre of the vessel.
via 1S the maximum particle velocity in the vessel, which is the centre velocity.

R is the radius of the vessel.

The volumetric flow O of blood within the vessel is then defined as the number of
particles passing through a cross section of the vessel, in a given time, and thus 1S

dependent on mean particle velocity:

Q=v-A4 (2)

Where QO is the volumetric flow 1n m°/s.

A is the cross sectional area of the vessel A=ntR?
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Determination of the mean particle velocity, requires integration of the velocities of

each particle at each radial position r, for all r, averaged over the cross sectional area A.

R
v=1/nR*- [vy, (1=r*/R*)- 21 dr (3)
r=0
R
=1/R? - 27vyy,, |r—(r*IR?) dr
r=0
R { R
=1/nR* -ZEVMGX{ j r——5 J.r?’} dr
r=0 R r=0
1 R*| 1 R? Vaox
ey 27V Max {7} % 270V pax [T} ~ (4)

The preceding equations are particularly useful for estimating the particle velocities that
occur In an idealised vessel such as a blood tlow phantom. The half-maximum value for

the mean velocity is a consequence of the uniform distribution of velocities that occur in

an 1dealised vessel, for laminar flow.

2.3.2 Optical properties of the skin and blood

Colouration of the skin is largely determined by the pigments melanin and carotene, and

by haemoglobin (Matcher and Cooper 1994). The concentration of the two pigments 1s

determined by exposure to sunlight and varies around the world. Absorption by skin

pigments occurs mainly below 600nm, above this wavelength scattering processes

dominate (Duck 1990).

If light is incident on the skin, 4-7% is diffusely scattered directly from the surface, due
to the change in refractive index, from unity in air, to 1.55 in the stratum corneum (Van

der Zee 1993). This process is independent of wavelength and pigmentation levels

(Anderson and Parrish 1981).
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TI'he remainder of the light penetrates into the epidermis and dermis, to a depth

dependent on wavelength and pigmentation (Gush and King 1991). In studies of the

skin, wavelengths in the visible and near infrared regions are normally used (Schmitt et

al. 1986).

The transmittance and scattering of light by blood depends significantly on the
erythrocyte concentration (Fronek 1989). In large arteries, red blood cell concentrations
can reach 45% by volume, compared to around 4.5% in small vessels, such as the

arterioles of the skin (Bonner and Nossal 1990). The penetration depths achieved at

wavelengths of 500nm and 1000nm are, 50um and 400um for the larger vessels and

500um and 2500um for the smaller vessels (Duck 1990). These figures are based on an

oxygen saturation of 100% and increase slightly at reduced oxygenation levels.

2.3.3 Optical scattering in skin tissue

Anderson and Parrish (1981) found that the scattering processes in the dermis were
mainly determined by erythrocytes, blood vessels, and structural fibres such as collagen.
The size and topology of non-erythrocyte cells ensures that light 1s scattered in all

directions within the tissue (Cheong 1990). For this reason, the instantaneous

distribution of light within tissue does not correlate with structural order in the tissue.

The scattering process itself occurs as a result of a change in direction of a photon,
following interaction with matter. With elastic scattering there 1s no change of energy.
With inelastic scattering a change of energy occurs, which results in a change in the
wavelength of the photon (Weidner and Sells 1980). The scattering of near infrared
electromagnetic waves by tissue, including red blood cells, 1s generally considered an
elastic scattering process (Bonner and Nossal 1990). This provides the basis for
measurement of blood flow by laser Doppler techniques. The direction of propagation
of a scattered wave depends on the shape of the scattering particle. For non-spherical
particles, including red blood cells, the scattering direction can be estimated using the

Rayleigh-Gans method (Van der Zee 1993). Using this method, Bonner and Nossal

(1981) estimated a mean value for the scattering angle from erythrocytes of 5.4°, in the

forward direction. This low scattering angle reduces the probability of scattering from

multiple erythrocytes, which improves accuracy of the laser Doppler technique.



48

2.3.4 Physical basis of the Doppler shift of light in tissue

It the light from a single mode, monochromatic source illuminates skin tissue,
penetration into the tissue will occur, if the wavelength is within the therapeutic window
of 600-1200nm (Duck 1990). If the wavelength of the source is greater than about
600nm, absorption by chromophores in the tissue is relatively low, and scattering
processes will dominate. Absorption spectra for the skin are given in figure 5. The

structure and composition of skin tissue results in a very high coefficient of scattering

(Van der Zee 1993) with a mean distance between scattering events, termed the
scattering length of ~100pm (Bonner and Nossal 1981). Consequently, light is
scattered diffusely within the tissue forming a scattered field. If the incident radiation is
spatially and temporally coherent, then the scattered field will resonate with the incident
field and exhibit spatial and temporal coherence (Bonner and Nossal 1990). These
conditions give rise to electromagnetic waves of the same frequency as the incident

radiation. Conversely, 1if a moving particle, such as a red blood cell traverses a coherent

field, electromagnetic waves scattered by the particle will exhibit a shift in frequency,

due to the Doppler etftect (Drain 1980).

Some of the electromagnetic waves scattered in the tissue will be backscattered to the
skin surface and can be detected using a photodetector. Response times of practical
photodetectors prevent direct measurement of optical frequencies. However, optical
beating occurs between those electromagnetic waves scattered solely from static
structures and the waves scattered by moving particles within the tissue. For the range
of red blood cell velocities that occur in skin tissue, the corresponding optical beat
frequencies have a typical range of 20Hz-12kHz (Barnett et al. 1990) and are easily

detected as intensity fluctuations in the optical field incident on the detector.
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2.3.4 Derivation of the photocurrent for light scattered from skin tissue

The output from a single, longitudinal mode laser is an electromagnetic wave:

Where:

gt

E, 1s the mean amplitude of the wave over one cycle. If the laser output is stabilised,

the mean amplitude is constant and is denoted by E4

@ 1s the angular frequency of the wave.

It this field 1s incident upon the skin and the wavelength is within the therapeutic

window photon scattering will occur within the tissue. A small proportion (<1%) of the

scattered photons will be detectable at the surface of the skin.

The backscattered optical field comprises of waves scattered from static tissue

structures and from moving particles within tissue, predominantly red blood cells

(Bonner and Nossal 1980).

The field scattered from static tissue incident on a photodetector at a position u and at

time 7 1S:

— J@ t (5)
ERef (t,u) = EARef (t,u)-e

For this case, there is no frequency shift due to the Doppler eftect and the field

oscillates at the same frequency as the incident wave:

WDpe ; = @

The field backscattered from moving structures within the tissue is:

L
E pshify (,u) = E gspi0 (,u) e o (6)
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or this case, a frequency shift occurs as a result of interactions with moving red blood

cells within the tissue.

By the principle of superposition, the total field, Etoa, is the algebraic sum of the

individual fields (Wilson and Hawkes 1989), thus combining equation (5) and equation
(6) g1ves:

—ijeft —J Dgeq/f (/)

The slow response times of standard photodetectors prevent direct measurement of the

frequencies 1in an optical field such as Erqa. In practical terms, a photodetector
integrates the optical field over many cycles so that the photocurrent is dependent upon
the intensity ot the incident light. Intensity 1s proportional to the square of the optical
field and for a complex field such as Etqa, the resultant photocurrent can be determined

from:

. * (3)
1(t,u) = ETotal (t,u)- ETotal (t,u)

Where the * operator denotes the complex conjugate.

Substitution of equation (7) in equation (8) yields an expression for the photocurrent 1n
terms of the frequency unshifted and frequency shifted fields.

~JORe f! I Ospift JORe f*

. k ijhiftt
z(t,u):(EARef(t,u)-e +E ygpif (1,1) - € )-(EARef(t,u)-e )

+ E;Shift (t,u)-e
Expanding this equation and simplifying yields:

i(t,u) = E g g 5 (1,4)- E;Ref (f.u) +
E gsnire (1) E ggpif (1) + (9)

J(@ORe f~Ospify )" ~J(@Re f ~Ogpif)! )

In equation (9), the first term represents the contribution to the photocurrent due to
backscatter from static tissue structures. The second term represents the contribution to
the photocurrent due to homodyne mixing of waves backscattered solely from red blood

cells in motion. In the capillary layer of cutaneous tissue the volume of red blood cells

per unit volume of tissue 1s <0.5% (Nilsson and Tenland 1980) and the homodyne term
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can be neglected (Bonner and Nossal 1990). The third term in equation (9) represents
the heterodyning (optical beating) of the field backscattered from static tissue structures
with the field backscattered from red blood cells in motion. By application of Euler’s

relation the complex exponentials in the third term of equation (9) can be written in

terms of sinusoids:

— J(w ~ cyp o )
Nie Ref “Shift = COS(Wp, ¢ + WDgpif )t

J(ORe £ ~Ogpif )t
9?{6 e s it = COS(CORef —a)Shiﬂ)r

If the first term 1s removed with a low pass filter, the shift in frequency due to the

Doppler etffect i1s obtained:

A® =Wy, r —Ogpiq

To find the total photocurrent due to the intensity at each position # within the
photosensitive area of the detector requires integration of equation (9). It is also

necessary to include a factor, m, to represent the differences in the phase at each point,

u, of the optical field, due to differences in the optical pathlength traversed by each
photon. These phase differences result in variations in the spatial coherence of the field,

over the detector, and result in a reduction in the efficiency of the heterodyning process.

A further factor, [3, is incorporated to account for the quantum efficiency of the

photodetector.

iToz‘al (1) = iRef (1) + Z.'Sca!t (£) + /8 N (EAScat (1) E:Ref (1) + E:\Scat () EARef () (10)

where:
B Is the quantum efficiency of the photodetector.

0<n <1 Represents the efficiency of the heterodyning process (Nilsson et al. 1980)
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2.3.5 Determination of blood flux from Doppler photocurrent

In cutaneous tissue the erythrocyte concentration typically accounts for 4.5% of the
total tissue volume (Anderson and Parrish 1981). The erythrocytes are non-uniformly
distributed 1n tissue due to vessel containment. Consequently, the contribution made by
the homodyne term in (10) is very small (<0.01%). The heterodyne term makes a more
significant contribution to the total signal current (~1%). Bonner and Nossal (1990)
investigated how the spectral information of the scattered field, encoded in the
heterodyne term, was affected by the mean number of photon scattering events and the
mean speed of the red blood cells. They found that provided the mean number of
scattering events 1s low, as 1s the case for skin tissue, the effects of multiple scattering
were small. The fluctuations in the width of the optical spectrum of the scattered field
were proportional to mean RBC speed and could be used to determine blood flow. As
the distribution of RBC velocities 1s assumed a Gaussian (Nilsson and Tenland 1980),
the width of the optical spectrum of the scattered light will vary randomly 1n time. It 1s

therefore necessary to obtain a mean value, which for a random variable 1s given by the
first moment <> of the power spectrum (O’Flynn 1982). As the power spectrum 1s

obtained over a finite measurement time, the number of scattering events encountered
for a given RBC depends on the transit time through the i1lluminated tissue. Theretfore,
higher speed RBC will undergo fewer scattering events, contributing less to the power

spectrum, and blood flow will be underestimated. To compensate for this low frequency

bias, the power spectrum is weighted by the frequency @, (Obied 1993).

In terms of the weighted power spectrum, of the fluctuating portion of the photocurrent,

the first moment can be expressed as:
< >= fa)p(a))da) (11)

In equation (11), the lower limit represents the cut-off frequency of a low pass filter
used to discriminate against motion artefact, arising from tissue and probe motion. The
upper limit represents the cut-off frequency of a high pass filter used to reject any
frequencies above the maximum Doppler shift expected for a given tissue type oOr

particular study. In commercial systems these parameters are typically 20Hz and
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12kHz, respectively (Barnett et al. 1990). The maximum flow rates obtained in the

microvascular correspond to frequency shifts of a few kHz, and for studies of the

microcirculation, the upper cut-off frequency is typically 4kHz (Obeid 1993).

2.3.6 Normalisation of blood flux

Several other factors require consideration before equation (11) can be applied to real

measurements. The blood flow parameter <> is dependent on the RBC concentration

in the 1lluminated tissue sample (Fronek 1989). As the precise concentration is normally
unknown the actual output obtained 1s a product of both mean RBC velocity and RBC
concentration, and 1s termed Blood flux. To correctly interpret mean flow values,
careful consideration must be given to RBC concentrations. This limits comparison to
similar tissue types and may require equal tissue temperatures to allow for variations

due to thermoregulatory arteriovenous shunting. For comparable RBC concentrations,

blood flux is proportional to blood flow, minus a constant term, Vnoise, representing the
shot and dark noise sources of the photodetector, determined by calibration. The
intensity of the photocurrent can vary between tissue types and individuals, due to
variations in pigmentation. To account for these variations the blood flux value 1s

normalised through scaling by the mean photocurrent, <iRef>2. The RBC flux for the

microcirculation is then fully expressed by:

4kHzZ (12)
_[a)p(a))da) o VNoise
__ 20H7
VRBCF[ux o | ’
< ZRef >

A theoretical study of Doppler scattering in the microcirculation by (Bonner and Nossal
1990), showed that the algorithm of equation (12) provides a linear response to blood

flow for low RBC concentrations, such as those found in the microcirculation. This was

verified empirically by Nilsson et al. (1980) and Obied (1993).
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2.4 Summary

T'he foot 1s well adapted to load bearing with an anatomical structure that results in the
transmussion of the body weight through the calcaneous and metatarsal heads.
Consequently the plantar surface of these bones is protected by a cushioning layer of
relatively thick (~5mm) skin tissue. The integrity of the tissue in these regions 1S
essential to protect the underlying bone. Changes in plantar pressure distribution,
trauma or an 1mpaired vascular supply would normally result in compensatory changes
in loading and perfusion of the tissue. However, sensory and autonomic neuropathy in
the diabetic foot can result in continued loading and impaired regulation of blood flow,

respectively. A frequent consequence is a breakdown of the tissue followed by

infection, which may spread within the foot.

Previous studies have demonstrated impaired autoregulation of blood flow in the skin of
diabetics evidenced by a reduced or absent hyperaemic response following a short
period of occlusion e.g 4 munutes. Although this type of impairment has been
demonstrated on the dorsum of the diabetic foot, it has not previously been
demonstrated at prevalent sites of neuropathic ulceration. This is because of the

difficulty of measuring plantar blood flow, particularly during the normal loading

conditions of standing and walking with the foot in-shoe. In order to assess the
adequacy of the blood supply to tissue during functional loading it is necessary to
simultaneously determine blood flow through and the magnitude of the load upon the
tissue. This 1s complicated by necessary limitations on the maximum size ot the sensor,
even when located 1n the mnsole of a measurement shoe, that ensure normal gait. The
specification of the load sensor can be simplified by restricting assessment of blood
flow to conditions of zero and full loading which allows a thin film passive sensor such
as a Force Sensing Resistor to be employed. The techniques available for determination
of plantar blood flow are limited by the requirement of small size and for continuous
and non-invasive assessment of rapid changes in blood flow. A review of the available

techniques suggests that laser Doppler 1s the only method that can satisfy all of these

criteria.

In vivo calibration of laser Doppler systems 1s not feasible due to the ditficulty of

making simultaneous measurements of the same tissue sample using a quantifiable
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method such as isotope clearance. This requires an in vitro calibration method based
upon a model of the skin microcirculation. Representation of the vascular dynamics of

the microvessels is complicated and approximations based upon Poiseuille flow,
provide a basis for the design of a calibration flow rig and a basis for specifying the
design parameters for the laser Doppler system. Further design parameters can be
established from knowledge of the optical properties of the skin. The high coefficient of
optical absorption below 600nm and the increase in the depth of penetration with
wavelength suggest operation at visible / near-infrared wavelengths. A further factor
arises from the variation in response with differences in optical absorption between
oxygenated and deoxygenated haemoglobin. This can be overcome by operating at the
1sobestic wavelength of 805nm where the spectra for the two states of haemoglobin are

equal. In practice, the nearest wavelength for which laser diodes are widely available is

780nm.

Specification of the operational laser Doppler wavelength combined with calculations
of velocities in the microcirculation provides a basis for estimating frequency shifts due
to Doppler scattering by red blood cells. Optical heterodyning between the shifted
frequencies and incident frequency result in intensity variations with a spectrum in the
audio band which can be detected by a photodiode. The power spectrum of the resultant
photocurrent contains equivalent information regarding the distribution of red blood cell
velocities. Previous studies have demonstrated that the first moment of the power
spectral density of the photocurrent scales linearly with particle velocity and
concentration for the typical ranges found in the microcirculation. With suitable scaling
and normalisation, a parameter termed ‘blood flux’ can be calculated which allows
relative comparison between subjects. The dependence of this term on both velocity and

concentration results in arbitrary units, which prevent a quantifiable measurement.
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Chapter 3 Literature Review
3.0 Introduction

Plantar ulceration in the neuropathic diabetic foot and assessment of blood flow in the
cutaneous microvasculature are central to this project. In the first half of this literature
review, factors implicated in the development of ulceration in the diabetic foot are

considered. The second half focuses on the development of the laser Doppler technique

as a tool for assessing blood flow in the skin.

3.1 Introduction to the diabetic foot

Evidence linking structural change, microvascular disease, neuropathy and
haemorheological changes to ulceration in the neuropathic diabetic foot is reviewed.

Two recent theories on the pathogenesis of ulceration in the neuropathic diabetic foot

are discussed.

3.2 Structural change and undetected trauma in the neuropathic foot

3.2.1 Plantar pressure changes in the diabetic foot

During the last two decades clinical studies employing pressure transducers have
provided substantial evidence to suggest that diabetic plantar ulceration occurs as a
result of changes in plantar pressure distribution. The difficulties associated with this
type of measurement and the development of the technology have been reviewed in the
literature (Lord 1981, Alexander et al. 1990, Cobb and Claremont 1995). A detailed
review of clinical findings 1s given 1n Lord et al. (1986). These studies have
demonstrated that vertical force, anterioposterior shear and mediolateral shear, are
important in the development of plantar ulceration, particularly when sensation is
reduced by neuropathy. More evidence 1s available to support the role of vertical forces
in the development of plantar ulceration, as shear forces are inherently more difficult to
measure. There 1S however, little agreement on the vertical pressure thresholds that
result in ulceration at specific locations under the foot. By considering the findings from
several clinical studies, Cavanagh and Ulbrecht (1992) have suggested several factors

that may affect the pressure thresholds for plantar tissue breakdown: variation between
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different plantar sites; adequacy of the vascular supply, and tissue perfusion;
glycosylation of the tissues; the presence of scar tissue; the duration for which pressure

1S applied rather than peak pressure.

Boulton et al. (1983) first concluded plantar pressure in the diabetic could increase with
time. This 1s supported by the findings of Veves et al. (1992) who measured plantar
pressure in three subject types over a thirty-month period. They found average peak
plantar pressure increased by 21% in a neuropathic diabetic group, 20% in a non-
neuropathic diabetic group and by 2.5% in a non-diabetic control group. Both diabetic
groups Included subjects with type I and type II diabetes mellitus. In these tests,
changes 1n body mass were ruled out, as a previous independent study Cavanagh et al.
(1991) had demonstrated this factor to be unimportant in relation to changes in plantar
pressure distribution. The conclusion drawn was that increases in localised pressure
levels occur as a result of changes in plantar anatomy. Findings from other studies
(Ulbrecht et al. 1988, Grunteld 1992) lend support to this conclusion. For example, in a
random radiographic study of neuropathic diabetic feet (Ulbrecht et al. 1988), 22% of
subjects with a history of ulceration were found to have evidence of traumatic fracture
in the foot. In many cases this had not been previously diagnosed, due to neuropathy.
This incidence was significantly higher than for a nondiabetic control group, a diabetic
control group without neuropathy, and a diabetic control group with neuropathy but
without history of ulceration. In a study by Grunteld (1992) of 92 diabetic subjects
(20% type I, 80% type II) 68% of patients with a history of ulceration had structural
abnormalities and in many cases multiple detormations were observed. These studies
suggest that changes in bone structure due to trauma are important 1n the redistribution
of plantar pressure. Trauma induced structural changes in the imsensitive neuropathic
foot may, therefore, lead to localised pressure points without compensatory changes 1in

gait. Consequently, plantar tissues would be exposed to increases in average peak

pressure and/or the duration for which load 1s applied.

3.2.2 Plantar soft tissue changes in the diabetic foot

Structural changes in musculoskeletal and soft tissue mechanics occur in diabetes
mellitus, which can increase plantar pressure and reduce tolerance to biomechanical

stress (Brash et al. 1999). The majority of plantar ulcers, accounting for around 80% ot
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hospitalised cases, occur in superficial soft tissues i.e. the epidermis and dermis (Norton
et al. 1975). The remaining 20% occur in subcutaneous tissue and may extend to affect
tendon and bone. Neuropathy affecting the muscles of the foot can transfer load bearing
from the toes to the metatarsals resulting in the toe claw deformity (Elkeles and Wolfe
1991). Ulbrecht et al. (1988) suggests that the toe claw deformity may result in
displacement of the soft tissue that normally protects the metatarsal heads. A reduction

in tissue thickness under the metatarsal heads has been demonstrated in diabetics

(Young et al. 199)5).

Altered structure and function of soft tissue has been demonstrated in diabetes mellitus
(Brash et al. 1999). Normally, soft tissues subjected to mechanical forces are able to
resist distortion by distributing the forces over the network of skeletal proteins that bind
the soft tissues of the skin to deeper tissue and bone (Ryan 1990). Studies (Brownlee et

al. 1988, Marova et al. 1995) have shown that several skin proteins are impaired by
nonenzymatic glycosylation (NEG). The elasticity of the skin tissues appears to be
reduced by NEG and this may affect the ability to redistribute plantar pressure
effectively during walking. Delbridge et al. (1985) demonstrated that the keratin in the
stratum corneum of the foot 1s glycosylated in comparison to the skin of the non-
diabetic. Both collagen and keratin are known to become stiffer when glycosylated
(Brownlee et al. 1984, Delbridge and Ctercteko 1985) and this 1s probably detrimental
to the mechanical properties of the skin. Metabolic changes may also affect the healing
rate of ulceration. Glycosylated tissues reduce the activity of leucocytes and
macrophages producing insufficient fibroblasts to synthesise collagen and other proteins
(Elkeles and Wolfe 1991). When healing eventually occurs the reduced compliance ot

scar tissue may be a factor in the high incidence of recurrent ulcers.

Plantar soft tissue damage is also linked to the increased risk of keratosis associated
with neuropathy (Sage 1987) and evidenced by the build up of callus frequently
observed in the diabetic foot. A study of 92 diabetic subjects (20% type 1, 80% type 11)
by Grunfeld (1992) found evidence of callus formation in 51% of patients with a history
of ulceration. The presence of callus often results in the formation of a fluid filled
cavity, which 1f infected may result in rapid tissue necrosis (Hill 1987). The risk of

infection is increased by autonomic neuropathy, which may prevent the foot from
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perspiring (Brand 1990); consequently, the skin becomes dry and fissured, presenting

1deal conditions for infection (Levin 1988).

3.3 The role of microvascular disease in the diabetic foot

Peripheral vascular disease affecting the blood supply to the foot may occur at any level
within the hierarchy of vessels supplying the pedal tissues (Levin and O'Neal 1988).
There 1S an increased incidence of small vessel disease in the diabetic, which often
results in a more distal impairment of the blood supply than in the non-diabetic
(Vermillon 1986). As the rate of progression of atherosclerosis varies, throughout the
peripheral vascular tree, both macrovascular and microvascular disease can exist at
different levels of development (Levin 1988). Consequently, an adequate dorsalis pedis
or posterior tibial pulse i1s a poor indicator of the adequacy of the vessels within the foot
(Stevens et al. 1993). The prevalence of microvascular disease differs between type |
and type II diabetics and it has been suggested that the pathogenesis of microvascular
disease in the two forms is different (Jaap and Tooke 1995). However, in both type I
and type II diabetes mellitus the complications that occur as a result of microvascular

disease are similar, there is however a particularly high prevalence of foot ulceration in

type II (Jaap and Tooke 1995).

A thickened capillary basement membrane (microangiopathy) i1s indicative of diabetic
microvascular disease, becoming more pronounced with age and the duration of

diabetes and is common in subjects with a history of ulceration (Grunfeld 1992). The
mechanisms involved in this change are not well understood, although several
contributory factors have been identified: endothelial cell damage (Hilsted and
Christensen 1992), increased platelet adhesions (Manduteanu et al. 1992), migration of
atypical cells to the site of injury and accumulation of cholesterol and fats (Sargent
1988). Impaired microvasculature regulatory mechanisms are also implicated in the
development of microangiopathy (Flynn and Tooke 1995). The high incidence of
microangiopathy in diabetic subjects is thought to be an important factor in some of the
complications observed in the diabetic foot. The permeability of the membrane is
increased and it has been suggested that this may account for some of the oedema
commonly observed (Levin and O'Neal 1988). Flynn and Tooke (1995) agree with this

suggestion, for the earlier stages of diabetes, however they point out that oedema 1S rare
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in the advanced neuropathic foot. Furthermore, they argue that oedema is due to a

reduction 1n fluid filtration across the capillary membrane that deteriorates with the

duration of diabetes.

3.4 Neuropathy and the regulation of blood flow in the diabetic foot

In addition to microvascular disease, several studies have identified neuropathy as
important 1n the impairment of blood flow in the diabetic foot (Rayman et al. 1986b,
Flynn et al. 1988). In these studies, type I diabetic subjects with neuropathy and without
clinically detectable peripheral vascular disease exhibit increased blood flow in the foot.
Flynn et al. (1988) also demonstrated increased blood flow in some subjects apparently
free of neuropathy, giving support to previous suggestions that peripheral denervation
may occur before neuropathy is clinically detectable (Watkins and Edmonds 1983). The
importance of neuropathy in the pathogenesis of diabetic plantar ulceration is
emphasised by the findings of the study by Grunfeld (1992) and other studies, which
provide estimates indicating: 60-70% diabetic foot ulcers are purely neuropathic; 15-
20% are purely vascular lesions; 15-20% are mixed lesions. However, the same study
indicated a higher incidence of peripheral vascular disease and neuropathy in subjects
with a history of ulceration. Although the rate of progression of each of these factors
may vary with individuals Flynn and Tooke (1995) have argued that both vascular and
neuropathic disease are interdependent. They suggest that a detrimental cycle may
persist in which changes in the microcirculation affect the regulatory mechanisms
controlling blood flow, leading to further changes in the microcirculation. It is,

theretore, appropriate to consider the affect of neuropathy on regulation of blood flow,

1n the foot.

Neuropathy affects both peripheral and autonomic nerves, which regulate the non-
nutritive, thermoregulatory tlow of the arteriovenous anastomoses and the nutritional
flow of the cutaneous capillaries, respectively. Both neuropathies are implicated in the
development of plantar ulceration (Flynn and Tooke 1995). In a study, by Flynn et al.
(1988) of 39 neuropathic, type I, diabetic subjects free of peripheral vascular disease,
nutritive capillary blood flow under the toe pulp was assessed. In comparison to control
subjects, it was found that diabetics with peripheral and autonomic neuropathy

exhibited substantially increased blood flow. A further link between vascular and



62

neurogenic factors is suggested by changes in vasomotion observed in diabetic subjects
with neuropathy (Flynn and Tooke 1995). These changes can result from reduced vessel
elasticity, microangiopathy, or neuropathy affecting the vasomotor nerves, all of which
would have a significant effect on regulation of local tissue perfusion and fluid
exchange. This may explain the non-uniformity of tissue perfusion observed in diabetic
subjects (Flynn and Tooke 1995) and commonly presented by an impaired hyperaemic
response (Vigilance et al. 1997). This impairment has been investigated by Rayman et
al. (1986b), 1n a study of 23 type I diabetic subjects with no evidence of peripheral
vascular disease, who were exposed to minor thermal injury on the skin of the foot. The
response of the microvasculature was assessed using laser Doppler flowmetry and
compared to that from a control group of 21 healthy subjects. The response to thermal
injury was significantly reduced in the diabetic group and was independent of skin

capillary density and diabetic control. It was concluded that an impaired hyperaemic

response 1s significant in the development of ulceration following minor trauma.

3.5 Haemorheological changes in diabetes mellitus

Haemorheological changes in the blood supply are a widely observed complication of
diabetes mellitus (Levin 1988). It 1s unclear whether these changes are a consequence of
vascular disease, or result in accelerated microvascular disease e.g. microangiopathy
(Sargent 1988). Several factors have been identitied as being contributory to increased
plasma viscosity and hence reducing blood flow. In pre-capillary vessels, increases in
red blood cell concentration occur due to high levels of blood clotting factors such as
fibrinogen (Elkhawand et al. 1993, Giansanti et al. 1996). This finding 1s important
because changes in blood viscosity are known to result in a substantial reduction 1n
blood flow (Muller 1981), due to the formation of roleux. Within the capillaries, blood

flow is largely determined by deformability of red blood cells, which change shape to
reduce their effective diameter from 7.4um to 4-5um to match the capillary diameter
(Chien 1967). The ability of the red blood cell to deform is controlled by the cell
membrane. Changes in: pH (Goodman and Shiffer 1983), red blood cell adenosine
triphosphate content (Marchesi 1983), concentrations of metabolic end products (Shohet
and Lux 1984) and nonenzymatic glycosylation of the erythrocyte membrane (Watala

1992), all affect the ability of the red blood cell to deform.
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3.6 The pathogenesis of ulceration in the neuropathic diabetic foot

It 1s widely agreed in the literature that microvascular disease and neuropathy are the
underlying complications that pre-dispose the diabetic foot to ulceration and slow
healing (Tooke and Brash 1996, Shaw and Boulton 1997). However, ulceration is
always preceded by some form of trauma, such as minor injury to the surface of the
foot. For the particular case of the plantar ulcer, there is considerable evidence that
abnormal pressure 1s the initiating factor. However, the primary reason for ulceration is
that the metabolic demands of tissue are not satisfied. The most recent theories
developed to explain the link between these complications and ulceration are the

capillary steal’ theory (Leslie et al. 1986) and the haemodynamic hypothesis (Jaap and
Tooke 1994).

3.6.1 The capillary steal theory

In the 'capillary steal' theory, it 1s postulated that blood bypasses the nutritive capillaries
and 1nstead flows almost entirely through the arteriovenous anastomoses, due to

neuropathic impairment of regulatory mechanisms (Uccioli et al. 1992). Furthermore, it
has been suggested that this might occur as a normal thermoregulatory response to the

increased temperature frequently observed in the neuropathic foot (Leslie et al. 1986).
However, these ideas are in contradiction to findings from other studies (Stevens et al.

1993, Netten et al. 1996) that have demonstrated normal or elevated perfusion in

nutritional capillaries.

3.6.2 The haemodynamic hypothesis

In contrast, the haemodynamic hypothesis (Jaap and Tooke 1994) suggests that

anatomical and functional changes within vessels are important. Chittenden and Shami
(1991) identify these changes as, vessel wall thickening, proliferation of vessels,
capillary basement membrane thickening, changes in vessel permeability and, reduced
elasticity of the vessel wall. Recent studies support this hypothesis; for example
Rayman et al. (1995) assessed microvascular structure using electron microscopy and
identified structural abnormalities in superficial capillaries. Comparison with pre-
biopsy, in vivo measurement of blood flow, using laser Doppler flowmetry confirmed

that blood flow was reduced during reactive hyperaemia in the tissue.
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Netten et al. (1996) used laser Doppler flowmetry to investigate if increased flow
through thermoregulatory vessels resulted in decreased or increased flow in nutritional
capillaries. They concluded that nutritional capillaries were overperfused, a finding in
contradiction to the ‘capillary steal’ hypothesis. Although changes in blood rheology

could explain changes in blood flow and perfusion, it is thought that haemodynamic

abnormalities precede changes in microvascular rheology (Japp and Tooke 1994).

3.6.3 Importance of changes in the capillary wall

Evidence for increased nutritive flow does not invalidate the idea that the metabolic
demands of plantar tissue are unsatisfied because changes in the capillary wall
membrane could impair the diffusion of nutrients into tissue. The high incidence of
microangiopathy, the frequently observed abnormal perfusion and an impaired
hyperaemic response are all indicative of an impaired capillary membrane (Chittenden
and Shami 1991). An important factor implicated in this impairment is the increased
adherence of diabetic platelets to endothelial cells (Manduteanu et al. 1992).

Furthermore, with an increased blood flow rate, the diffusion of oxygen could be

reduced, due to the flow dependency of oxygen exchange (Rayman et al. 1986a).
However, in a recent study, of type I diabetic subjects, with minimal evidence of
microangiopathy, the mean capillary filtration coefficient was significantly increased
(Jaap et al. 1993). Insulin has been demonstrated to have acute effects on capillary
permeability, the exact mechanism 1s unknown, although thought to be linked to
changes 1n endothelial cell morphology (Hilsted and Christensen 1992). An increased

capillary filtration coetticient suggests, that the metabolic demands of supplied tissue

can be met and, there 1s a possibly increased risk of oedema (Rayman et al. 1994).

Currently, endothelial dystunction 1s emerging as one of the most important areas ot
research in diabetic microvascular disease (Pham et al. 1998). With improved

understanding in this area, a full explanation of the pathogenesis of ulceration in the

neuropathic diabetic foot may become possible.
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3.7 Introduction (laser Doppler)

In section 3.8 common techniques for assessing the microvasculature are identified and
arguments given for the use of laser Doppler flowmetry in the present study. In section
3.9, the development of laser Doppler flowmetry is summarised. Sections 3.10 to 3.12

review the important issues of calibration, sampling depth and the affects of external

loading of the skin.

3.8 Justification for use of laser Doppler in the present study

Various methods of studying cutaneous blood flow were considered for the present
study. Invasive techniques, for example clearance of isotopes and radioactive
microspheres were considered inappropriate, as they are not suitable for continuous
monitoring. Non-invasive microscopy techniques tend to be limited to directly
observable blood vessels and are not well suited to miniaturisation. The very slow
response time of the thermal clearance method was considered unsuitable for
assessment of rapid changes in blood flow that occur during post occlusive reactive

hyperaemia. All of these methods are well documented in the literature and are not

considered further.

The measurement of partial pressures of oxygen (tcPO;) as been successfully applied to
assessing microvasculature status of the dorsum of the diabetic foot (Romanelli and

Falanga 1999) and the rate of healing of ulceration is known to be correlated with local
tcPO, (Japp and Tooke 1994, Mani and White 1988). An important advantage of this
method compared to laser Doppler flowmetry 1s that results are quantifiable. This
technique was considered inappropriate for the present study because although suitable

for post occlusive reactive hyperaemia study, typical response times of 10s to 50s

(Fronek 1989) were considered too slow to track the rapid changes 1n tissue perfusion,

during walking.

In the present study a prototype reflective mode Photoplethysmograph (PPG), based on

a modified probe from a pulse oximeter (Nellcor type D-20) was developed and
evaluated by the author. The construction of this type of sensor is relatively simple

compared to the laser Doppler technique.
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Although the techniques are not directly comparable, the Photoplethysmograph signal

had, 1n general, a much lower sensitivity to intensity variations in plantar skin than the

laser Doppler signal. Although this problem may have been overcome by developing a
laser based photoplethysmograph, the PPG signal has greater dependence on the optical
properties of the probe and is difficult to interpret in comparison to the laser Doppler
flux signal (Lindberg et al. 1991). Furthermore, laser Doppler flowmetry has been used

successfully in numerous studies of blood flow in the skin of the diabetic.

3.9 Evolution of laser Doppler systems for blood flow measurement

3.9.1 Early development of laser Doppler flowmetry

The application of laser Doppler techniques to the measurement of blood flow in the
cutaneous microvasculature was first proposed by Stern (1975). By illuminating the
skin with a Hellum-Neon laser and monitoring the back-scattered signal, it was possible
to demonstrate differences in the frequency spectrum at rest and during occlusion of the
brachial artery. This original system was unsuitable for clinical study due to
incorporation of fixed optics and the use of a photomultiplier tube as the detector.
Subsequently a portable, laser Doppler system suitable for clinical application was
developed by Holloway and Watkins (1977) using optical fibres and an integrated
photodetector. Evaluation of this and another similar system (Nilsson and Tenland
1980) revealed two important problems, excessive laser noise and poor correlation with
existing techniques. The use of a He-Ne laser resulted in interference of multiple output
modes producing beat frequencies in the same band as the blood flow signal. A
comparative study with the '**Xe-clearance technique demonstrated the difficulty of
obtaining measurements at the same site, furthermore, the laser Doppler response also
depended on the red blood cell concentration. These 1ssues were addressed by Nilsson
et al. (1980) who introduced a dual detection system capable of rejecting laser and other
sources of common mode noise via a differential amplifier. To evaluate this technique

in vitro models of fluid flow in the skin were developed to allow independent

calibration. These developments motivated further refinement and clinical application

of the technique.
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3.9.2 Evolution of laser Doppler signal processing algorithms

The signal processing algorithms used in these early systems were based on empirical
studies of different in vitro models. Subsequently, the results obtained for identical
measurement conditions were found to differ from one system to another. To overcome
this problem a theoretical model of light scattering in tissue was developed by Bonner
and Nossal (1981). This work resulted in an algorithm that produced a single output
parameter 'blood flux' that scaled linearly with red blood cell velocity and concentration
over a limited range. The blood flux value was determined by calculation of the first
moment of the power spectral density of the Doppler signal. The validity of this
approach depends on the contribution made by each back-scattered photon to the power
spectral density, which i1s dependent on the number of red blood cell scattering events
and the type of mixing at the photodetector surface. For red blood cell tissue
concentrations of less than 0.2%, the model predicts single scattering will dominate and
in this situation wave mixing at the photodetector surface is primarily heterodyne in
nature (Nilsson et al. 1980). At higher concentrations, the probability of multiple
scattering increases and homodyne mixing occurs at the detector surface resulting 1n a
non-linear flux response. Nilsson (1984) extended the linear operating range of the
Bonner and Nossal algorithm by correcting the transter function to match the idealised
response. It was then possible to demonstrate a linear response for high flow rates and
for red blood cell concentrations to 0.6% of tissue volume. This approach 1s used 1n the

Perimed laser Doppler flowmeter, which has found widespread clinical application.

3.9.3 The problem of movement artefact

An important limitation of the use of laser Doppler flowmetry in the clinical
environment is the need for static measuring conditions to reduce movement artefact.
This problem arises from intensity fluctuations due to optical fibre or tissue movement
that results in the addition of considerable noise to the blood related Doppler spectrum.
One approach to overcoming this problem is to eliminate the fibre optic delivery and
detection optics and use a direct contact probe. In order to implement such a system the
relatively large Helium-Neon laser has to be replaced by a laser diode source. This was
achieved by De Mul et al. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>