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Abstract

In chronic venous insufficiency (CVI), numerous changes occur in the skin consequent to
impaired venous flow. These changes which include oedema, result in the skin being prone
to ulceration. The cause of ulceration is not clear, different hypotheses were proposed, but
none accepted. Unrelieved oedema is associated with impaired healing. Cutaneous
oedema of the lower extremities is produced by a disturbance in the state of near
equilibrium that involves capillaries, lymphatics and interstitium. A change in the cutaneous

properties is expected with the presence of oedema.

The aim of this work was to investigate changes in the cutaneous mechanical and
microcirculatory properties in oedematous tissues. Non-invasive durometry, uniaxial

extensometry and laser Doppler flowmetry were chosen for the measurements.

Durometry and extensometry were found reliable. In controls, measurements
demonstrated regional variations in the mechanical properties, and differences with age. In

the elderly, microvascular response to a minor challenge was impaired, as was the postural

vasoconstrictive response.

Studies on patients with CVI (with frank ulcers and without) showed an increase in
hardness index and a reduction in both extensibility and relaxation indices. Microvascular

response to a minor challenge was impaired but an intact postural vasoconstrictive response

was found.
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Chapter One: Introduction

Venous leg ulcer healing is complicated by oedema (Prasad et al. 1990), which is a
symptom not a disease. Oedema occurs as a result of venous hypertension, which in turn
disturbs Starlings equilibrium that governs fluid filtration from capillaries resulting in the

presence of excess fluid in the interstitium.

1.1 Venous ulcers

Leg ulceration is a common problem that affects 1.5-3% of the population and costs
the National Health Service between £230-400 million annually (Effective Health
Care 1997). Leg ulcers cause considerable restriction of activities and in some cases
loss of employment (Callam et al. 1988). Marchesi (1986) stated that "ulceration
results from necrosis occurring as the sequel to cell destruction by toxins and poisons
or from interference with blood supply”. Dale defined leg ulcer as “Open sore below

the knee anywhere on the leg or foot which take more than 6 weeks to heal” (Dale et
al. 1983).

The majority of leg ulcers are of venous aetiology, other examples of chronic wounds
include diabetic foot ulcers, pressure sores, skin lesions in leprosy or as a
consequence of other disorders such as malignancy or infection. Approximately 80-
95% of leg ulcers are vascular in origin (Morison and Moffatt 1994), chronic venous
hypertension and arterial disease being the principal causes. The association of leg
ulcers with venous diseases is strong and ischaemic disease alone or with venous
insufficiency account for 20% of total cases of leg ulceration (Effective Health Care
1997). Other causes, which amount to no more than 2-5% of the total, include
neuropathy, infection, malignancy, lymphoedema, vasculitis, trauma and self

inflicted (Morison and Moffatt 1994).

Venous ulcers are usually oval in shape with sloping edges and appear mostly in the
gaiter skin above the ankle joint (Lancet 1982), figure 1.1. They are the sequel of a
series of changes in skin and subcutaneous tissues, which include skin thickening,
pigmentation and oedema. Browse stated that “venous ulceration is caused by the
disorganisation of the microcirculation that is induced by prolonged and unrelieved

venous hypertension (Browse, 1986). Venous ulcers are associated with chronic



insufficiency (CVI). High venous pressure in the lower extremities, which occurs as
a result of valvular incompetence is often associated with deep vein thrombosis
(Browse et al. 1988), and superficial and/or deep venous incompetence may lead to
ulceration (Cornwall et al. 1986). Occasionally, either developmental abnormalities
in the valve or abnormality of the venous wall may result in CVI (Sandeman and

Shearman 1999).

Figure 1.1 Venous leg ulcers are usually found in the gaiter region of the ankle.

The cause of venous ulceration is ill understood. Venous stasis was suggested as a
cause for ulceration (Homans 1917), but the presence of high oxygen content found
in the femoral venous blood taken from limbs with varicose veins led to the rejection
of this hypothesis (Blalock 1929). Blalock (1929) concluded that the total blood flow
through limbs with venous ulcers was increased, which was supported by other
studies (Abramson and Fierst 1942, Piulachs and Vidal-Barraquer 1953). It was
suggested that high concentration of oxygen in venous blood in ulcerated legs
resulted from “a shunting of blood directly from the arterioles to the venules, largely
avoiding the capillary bed” (Holling et al. 1938). The concept of arterio-venous
shunting was supported by the reduced time needed for contrast media injected
arterially to appear in veins of patients with ulcers (Haimovici et al. 1966), and the
increase in the cutaneous temperature which was recorded in the post-thrombotic

limbs (Haeger and Berglan 1963). However the increased levels of radioactive



labeled-macroaggregates of albumin in the ulcer-bearing skin ran contrary to the
arterio-venous shunting concept as a cause of venous ulcer formation (Lindemayer et

al. 1972).

Both ulceration and lipodermatosclerotic changes were suggested to result from an
alteration in the local capillary bed consequent to calf pump failure (Browse 1986).
Increased capillary permeability and concentration of fibrinogen were reported in an
animal model of venous hypertension (Burnand et al. 1982, Leach and Browse
1985), as well as in patients with lipodermatosclerosis (Burnand et al. 1981). These
led to the proposal that fibrin cuffs that formed around capillaries barred nutrient
transport leading to venous ulceration (Browse 1986). Other hypotheses for skin
ulceration include oedema around the capillaries barring nutrient transport (Fagrell
1982), white blood cell accumulation in tissues (Coleridge Smith et al. 1988),
increased skin tension (Chant 1990) and growth factor traps (Falanga and Eaglstein
1993).

The discontinuity of fibrin cuff around capillaries (Falanga and Eaglestein 1993) and
the presence of growth factors in the ulcer fluid (Stacey and Trengove 1999) do not
support these two hypotheses as a cause for venous ulceration. The increase
prevalence of ulceration in CVI but not in lymphoedema put some doubt on the
increase in tension hypothesis, whereas the lack of conclusive link between
neutrophil activation and venous ulceration weaken the white cell hypothesis. The
absence of a conclusive links between the above hypotheses and ulceration, with
trauma being mentioned by many patients as the initial cause of skin breaking

suggests the possibility of other causes for ulcer formation.

Venous ulcer is a sequel of CVL, where skin changes follows the increase in venous and

capillary permeability and leads to oedema formation. Changes in cutaneous tissues

include thickening, pigmentation, induration and later lipodermatosclerosis. The

(3

relationship between oedema and these changes is not clear neither is the role of oedema

in venous ulceration. Figure 1.2 outline proposed changes in the cutaneous tissues that

lead to ulceration.
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Figure 1.2 Proposed changes that lead to venous ulceration, modified from Mani
(1988).

The reduction in TcPO2 around venous ulcers (Mani 1998) suggests decreased
oxygen transport, and changes in the cutaneous tissue introduced by the increase in
veins and capillaries permeability may contribute to the reduction of TcPO2 and
result in the chronicity of the venous ulcer. These changes, which affect the skin and

increase its prevalence of ulceration are discussed in the following sections.

1.2 Chronic venous Insufficiency

Chronic venous insufficiency (CVI) is characterised by the impairment of the return
of venous blood to return to the right atrium. CVI is caused by calf pump failure, as
a result of a combination of superficial venous incompetence, communicating vein

leakage or outflow tract obstruction or incompetence (Browse et al. 1988). This



leads to oedema, eczema, pigmentation, thickening and fibrosis
(lipodermatosclerosis) of the skin of the lower leg, and often ulceration. Although
ulceration is related to tissue death, Browse et al. (1988) referred to
lipodermatosclerosis and atrophie blanche as “the visible evidence of slow tissue

death and replacement with scar tissue”.

Other changes reported include dilated and tortuous capillaries both in a canine
model (Burnand et al. 1982) and in patients with venous hypertension (Mourad et al.
1989) with increased permeability to large molecules (Burnand et al. 1982). The
deposition of fibrin around capillaries in CVI was associated with decreased
fibrinolysis, and was suggested as a cause of venous ulceration as stated earlier
(Browse 1986). A change in cutaneous extensibility (Mourad et al. 1988) and an
impaired control of the microcirculation during standing was found in extremities
suffering from CVI (Allen et al. 1988 and Gniadecka et al. 1991). In
lipodermatosclerosis a reduction in TcPO, (Clyne et al. 1985) and an increase in
cutaneous hardness was found (Romanelli and Falanga 1995). Gniadecka (1996)
found differences in the location of cedema in CVI, cardiac insufficiency and
lymphoedema. The presence of oedema in the papillary dermis in
lipodermatosclerotic skin as opposed to the reticular dermis in the case of cardiac
insufficiency and the uniform distribution in lymphoedema, was suggested to be
associated with leg ulceration. Clearly a number of changes occur which may be
expected to affect the elasto-mechanicl and microcirculatory properties of tissues at

risk of ulceration.

1.3 Oedema

Staub and Taylor (1984) defined oedema as “an abnormal accumulation of liquid in
cells, tissues or cavities of the body”. Oedema can be acute and/or chronic. Causes
of acute oedema include allergic reaction, burns and acute pulmonary oedema
following acute left heart failure. Two models for chronic oedema involve lymphatic
obstruction and right heart failure. Oedema is categorised by its origin and is used in
this thesis to distinguish between different causes of oedema that occur in the

interstitial space.



Interstitial oedema could result from any factor that elevates the interstitial fluid
pressure above OmmHg. In the presence of a negative interstitial fluid pressure
(IFP), the change in the interstitial fluid volume is minimal (figure 1.3), as a result of
Starlings equilibrium, where filtration from capillaries equal absorption by capillaries
and lymphatics (Guyton 1981). When the IFP rises from a negative value, the
increase in the flow of lymph produces a safety factor to prevent oedema formation

(Guyton 1981), if IFP rises to atmospheric pressure a sudden increase in the volume

occurs.

An increase in the IFP occurs as a result of plasma protein deficiency
(hypoperotenemia), lymphatic obstruction and a disturbance in the vascular system
(vasogenic oedema). Hypoproteinemia caused by malnutrition, failure to synthesis
proteins in the liver (cirrhosis) and rapid escape of plasma protein from blood
(nephrosis) reduces plasma protein concentration, increases net filtration and raises

interstitial pressure (Guyton 1981).
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Figure 1.3 Pressure volume curve of interstitial space. After Guyton (1981).



Dysfunction of the lymphatic system results in lymphoedema. Factors which affect
the ability of the lymphatic system to collect excessive interstitial fluid and proteins
includes physical obstruction of the lumen of existing lymph vessels as in filariasis,
incompetence of the segmented valve and destruction of lymph vessel or nodes
following mastectomy. In addition paralysis of lymphatic smooth muscle, reduced
tissue motion, elevated after load with venous hypertension and congenital defects

would affect the ability of the lymphatic system to collect excess fluid and proteins.

Vasogenic oedema involves alteration in the intravascular Starling force and a
change in the characteristics of the microvascular barrier (Guyton 1981). Capillaries
are narrow vessels that connect arterioles and venules. The primary function of
capillaries is to permit the exchange of nutrients and waste between the blood and
tissue cells. Starling stated that under normal conditions a state of near equilibrium
exists at the capillary membrane, whereby the amount of fluid filtering outward
through the arterial end of capillaries equals the quantity of fluid returned to the
circulation by absorption at the venous end of capillaries. If the near-equilibrium
between forces at the capillary membrane is changed, a disturbance in fluid filtration
will either produce an increase in filtration or absorption, and the rise in filtration will
be balanced up to a limit by lymphatics, beyond which, fluid starts accumulating in

tissues.

Capillary hypertension and inflammation are the initial insults that lead to the
formation of such oedema. Capillary hypertension originates from increased venous
or arterial pressures, arteriolar dilation, venous constriction or venous obstruction.
The most common cause of vasogenic oedema is venous hypertension, since any rise
in arterial pressure is counter balanced by the high pre to post capillary resistance

ratio, which produces minimal increase in transcapillary fluid filtration, figure 1.4.
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Figure 1.4 A sonographic image of oedema in the gaiter region of the ankle in patient

with CVI using 7.5MHz ultrasound probe. Hypoechoic areas in the image are
pockets of oedema both in superficial and deeper areas.

Conditions which affect capillary pressures, include left heart failure resulting in
pulmonary oedema, retention of fluid by kidneys, right heart failure, chronic venous
insufficiency and deep vein thrombosis. Inflammation occurs in tissue in response to
injury, whether it is caused by bacteria, trauma, chemical insult and heat, it involves
the release of vasoactive chemicals such as histamine and bradykinin which alter
vascular tone and endothelial porosity (Sparks et al. 1984). It results in the rapid
formation of interstitial oedema due to a reduction in arterial resistance, dilation of

arterioles and precapillary sphincters, and an increase in interstitial volume and
matrix hydration.

Clinically oedema is classified subjectively and graded in a scale of 1 to 4, a scale of
+1 suggests that oedema is barely detectable and +4 means the extremity has swollen
to 1.5 to 2 times normal volume. In the case of chronic oedema, tissue expands with

ease allowing severe oedema to develop at lower atmospheric pressure i.e. +4



oedema occurring at 0.0 mmHg instead of class +1. The phenomenon is called

delayed compliance or stress-relaxation of the tissue space, figure 1.5 (Guyton 1981).
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Figure 1.5 The effect of prolonged oedema on the pressure-volume curve of the
interstitial space. After Guyton (1981).

In the presence of excess fluid in the interstiitium, which consists primarily of fibers
(collagen and elastin), polysaccharides, structural glycoproteins and ground substance
(Comper 1984), the gel, which forms the ground substance of the interstitium, traps any
excessive amounts of fluid and starts to swell. Once the gel has swollen more than 30%
to 50%, the entanglements of the glycoproteins begin to break up and free fluid develops
which form channels in the tissue allowing fluid to flow freely, thus causing pitting
oedema. Inthe case of trauma or infection, the free fluid coagulates forming non-pitting
(brawny) oedema. Clinically, oedema is assessed by the extent of pitting caused by
finger pressure. Objectively, tape measurement of the circumference of the leg can be
used and yields clues to swelling. Water displacement plethysmograph measures
changes in limb volume and was used to show effects of elevation (Mowbray 1989).
Tissue electrical impedance, was used to measures the change in the conductive
properties following oedema removal (Wheeler et al. 1972 and Barnes et al. 1992).

Veraart used infrared photosensors to detect the outline of limbs (Varaat and Neumann
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1992). The above techniques measure gross changes in limb volume without assessing

the location.

More advanced methods such as ultrascund and magnetic resonance imaging (MRI)
were used to locate and quantify oedema (Querleux et al. 1988b, Gniadecka 1995,
Gniadecka and Quistorff 1996). In the cutaneous tissues, excess fluid was found to
accumulate beneath the epidermis Querleux et al. 1988b and Gniadecka 1996),
measurement of dermal oedema using high frequency ultrasound had a good correlation
with the relative fat/water content obtained using magnetic resonance spectroscopy
(Gniadecka and Quistorff 1996). After comparing ultrasound with MR, it was
suggested that ultrasonography was preferred for reasons of high sensitivity, resolution
and resources effectiveness (Querleux, 1988b and Gniadecka 1996). Gniadecka reported
an association between venous ulceration and the location of oedema, as oedema was
located in the upper dermis in lipodermatosclerosis compared to lower dermis in cardiac

insufficiency and a uniform distribution in lymphoedema (Gniadecka 1996).

1.4 Skin

The skin is the heaviest single organ of the body, accounting for about 16% of total
body weight and displaying in adults 1.2-2.3 m® of surface to the external
environment. The skin forms a protective barrier against bacterial invasion,
dehydration and harmful light rays. In addition, it helps to maintain homeostasis by
thermoregulatory secretory activity providing an important route for the transmission
of information about the external environment and prevents excessive loss of

inorganic and organic compounds.

Skin structure and thickness varies widely in different areas of the body. It is
composed of an epithelial layer, (the epidermis), ectodermal in origin, and a layer of
connective tissue of mesodermal origin, (the dermis). Beneath the dermis lies a loose
connective tissue that contains a pad of adipose cells, (the hypodermis or
subcutaneous tissue) which although not considered part of the skin, binds skin
loosely to the subjacent tissue. Epidermal derivatives include hair, nail, sebaceous
and sweat glands, figure 1.6. Two major types of solid structure are present in skin.
These are Type I collagen, which endows tissue with tensile strength and structural

stability, the other being glycoproteins which are composed of approximately 98%



hyaluronic acid and 2% protein. In addition to collagen, elastin forms the other

fibrous components of skin, although less abundant than collagen.
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Figure 1.6 Skin Structure. After Miller-Keane (1992).

The epidermis consists mainly of stratified squamous keratinized epithelium,
keratinocytes, and three less abundant cell types: melanocytes, Langerhans's cells and
Merkel's cells, which are responsible for skin colour, processing cutaneous antigens
to lymphoid cells present in the epidermis, and which serve as sensory
mechanoreceptors respectively. From the dermis outward, the epidermis consists of
five layers. Stratum basale and Stratum spinosum are related to as the germinative
layer responsible for the constant renewal of epidermal cells. Stratum granulosum
contain lamellar granules that act as a barrier to penetration by foreign material,
stratum lucidum is present in thick skin only and stratum corneum consists of 15-20

layers of flattened non-nucleated cells whose cytoplasm is filled with keratin.

The dermis is composed of two distinctive layers, the outermost papillary layer and
the deeper, reticular layer. It contains connective tissue, which supports the
epidermis and binds it to the subcutaneous tissue with a very irregular surface,
having many projections (dermal papillae) which project into the concavities
between the epidermal ridges. These projections are believed to reinforce the dermal

epidermal junction. The papillary dermis is composed of loose thin connective tissue

11
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with thin bundles of collagen and elastin fibers. Special collagen fibrils (anchoring
fibrils) insert into the basel lamina providing the binding method between dermis and
epidermis. The reticular dermis is composed of a thick, irregular and dense
connective tissue with more fibres and fewer cells than the papillary layer. It
comprises interlaced collagen fibers (mainly type I collagen) which display a
waviness with a network of supporting elastin fibers. The waviness of the collagen
fibers and the elastin become gradually thinner toward the papillary dermis
(Junqueira et al. 1989).

The cutaneous nerves have efferent autonomic fibers that supply the smooth muscle
of hairs, blood vessels, sweat and sebaceous glands, together with afferent somatic
fibers of general sensation. The lymph vessels of the skin form a plexus at the
junction of the dermis and the superficial fascia. This plexus receives finger-like
vessels from the papillae, which drains into lymph vessels, which accompany the
superficial arteries and veins. The structure of the vascular bed of the skin varies
considerably from one area to another in the human body. In most areas, blood
enters the skin through small arteries penetrating the subcutaneous tissue. One small
artery branches into several precapillary arterioles, which divide into terminal
capillary loops located in every skin papilla. Veins and venous plexuses form the

network, which transports blood from the skin to the heart, figurel.7.
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Figure 1.7The cutaneous vascular system. After Guyton (1981).



Circulation through the skin serves two major functions: first, body temperature
regulation, which takes approximately 85% of total blood flow to the skin. Secondly,
skin nutrition served by the usual nutritive arteries, capillaries and veins. Vascular
structures concerned with heating the skin consist principally of (a) venous plexuses
which hold large quantities of blood that can heat up the surface of the body and (b)
arterio-venous anastomoses that allow the blood to be shunted from the arterioles to
the venous plexi. The arterio-venous anastomoses are found principally in the volar
surfaces of the hands and feet, the lips, the nose and the ears, which are areas of the

body most often exposed to maximal cooling.

The flow required to regulate body temperature changes markedly in response to the
rate of metabolic activity of the body and the temperature of the surroundings. Under
normal cool conditions the blood flow to the skin is about 400ml/minute in the
average adult. This can decrease to as little as 50ml/minute in severe cold or it can
increase to as much as 2.8litre/minute if the skin is heated to maximum vasodilation.
The amount of blood, which flows through the skin, is controlled by nervous
mechanisms. The temperature control centre of the hypothalamus produces
vasoconstrictor and vasodilator mechanisms. The vasoconstrictor effect is due to the
secretion of norepinephrine from the sympathetic vasoconstrictor fibers, which keeps
the arterio-venous anastomoses totally closed and control the amount of flow in the
nutritive vessels. The basic mechanism, which activates vasodilation, is not clear,
although maximum blood flow through the skin is associated with sweating, which
suggests that the secretion of acetylcholine from the sympathetic fibers to activate
sweat glands have a vasodilating effect (Guyton 1981). Local control of skin blood
flow is demonstrated mainly when pressure is applied to the skin. A hyperaemic
effect is noted due to the increased flow to that area balancing the diminished

availability of nutrients to the tissue during the duration of the force (Guyton 1981).

Changes occur in cutaneous tissues with age, with the presence of pathology and
with the application of treatment. As the average life expectancy increases,
cutaneous ageing occurs among other changes, which affect our body tissues. Aged
skin is characterised by dryness, roughness and wrinkles, and unfortunately these
changes among other body changes result in the elderly being prone to ulceration

(Effective Health Care 1997) and delayed wound healing (Bolognia et al. 1993).
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Cutaneous ageing involves one or two of the following three processes, chronologic
(intrinsic) ageing, actinic (extrinsic) damage and hormonal influence. Intrinsic
ageing is a direct process of age and genetic factors, it is mainly confined to sun-
protected area and characterized by cutaneous atrophy (Kligman et al.1988) with the
loss of elasticity (Gilchrest, 1982), slowed metabolic activity and no evidence of

inflammation (Lavker 1995).

The extrinsic process or photodamage occurs as a result of chronic exposure to
ultraviolet radiation (UVR). Although it involves hypertrophy due to the
inflammatory mechanism initially, severely photoaged skin may be even more
atrophic than equally aged sun-protected skin. Photodamage is responsible for the
more profound cutaneous alteration such as roughness, hyperpigmentation, thickened
epidermis with increased melanogenesis, twisted and dilated microvasculture, laxity
and deep wrinkles as a result of massive elastosis and collagen degeneration
(Gilchrest and Yarr 1992). Histological and biochemical studies revealed that while
intermolecular cross-linkage of collagen fibers increases with age as well as by UVR
irradiation reducing the solubility of collagen in aged skin, a significant increase in
glycosaminoglycans is attributed mainly to photodamage (Miyachi and Ishikawa
1998). Microscopic studies demonstrated that deep wrinkles on sun-exposed areas,
which do not disappear with stretching are slightly protected from solar elastosis
which affect surrounding tissues and maintain them as permanent wrinkles (Tsuji et

al. 1986).

In women, hormonal ageing, as a result of postmenopausal oestrogen deficiency, is
considered the third contributor to the process of ageing. It seems that hormone
replacement therapy (HRT) have a role in the treatment of this type of ageing, as
HRT was found to reverse the reduction in skin thickness and to limit the growth of

facial hair (Vaillant and Callens 1996).

1.5 The aims of the thesis
From the literature, different hypotheses were proposed to explain the causes of venous

ulceration, but the absence of a conclusive link between these hypotheses and skin

ulceration, weaken these hypotheses.
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The role of oedema in venous ulcers is not clear, careful study of the wound healing
literature revealed that oedema complicates ulcer healing (Prasad et al. 1990). Oedema is
a symptom of CVI, and the presence of oedema is thought to occur not only from a
disturbance in the macrocirculation but as well as from changes in the microcirculation
(Allen et al. 1988). Although the presence of extra fluid in the skin changes cutaneous
viscoelasticity, the relationship between oedema and other skin changes which

accompany CVI had not been clarified.

The aims of this study were: to identify suitable methods of measuring relevant
mechanical and microcirculatory changes in the skin, and to use these methods to

examine effects that are associated with chronic vasogenic oedema.
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Chapter Two: Techniques available for the assessment of the cutaneous properties
2.1 Techniques for assessing the structure and composition of cutaneous tissues
Skin differs greatly in structure, composition and appearance from site to site. The state
of a person’s wellbeing is reflected on skin appearance, such appearances may be
affected by diseases. Techniques for assessing skin appearance include the non-invasive
photography and surface impression (Fasc et al. 1964) through indirect methods such as
the use Harpenden callipers and radiography for measuring cutaneous thickness (Shuster
1975 and Lawrence and Shuster 1985). Invasive methods depend on histological
examination of tissue samples and, biopsies, using at first light (Pearce and Grimmer
1972) and later electron and scanning acoustic microscopy methods (Quaglino et al.
1996 and Kolosov et al. 1987). Recently ultrasonography, ultrasound backscatter
microscopy and magnetic resonance imaging (MRI) were used to obtain information
from the cutaneous tissues non-invasively (Murakami and Miki 1989, Turnbull et al.

1995 and Querleux et al. 1988b).

2.1.1 Skin surface impression

The demand for urgent treatment of burns inflicted during the Second World War, which
coincided with the developments in plastic surgery, renewed interest in research of skin
surface characteristics. Fasc et al. (1964) devised a system to be used as the base for
different replica techniques, which used acetone-soluble film, laid on a glass slide, with
high adhesive properties. The film was attached to the skin until it dried, later it was
carefully and evenly removed. Marks and Dawber (1971) used ethyl cyanoacrylate,
which adheres firmly to both the skin and the glass slide in the presence of small
quantities of water, to obtain not only a surface pattern but also a specimen of stratum
comeum. The skin replicas were inspected, photographed and later examined either
with light or with electron microscopy. Photographic enlargement demonstrated the
geometric pattern of skin creases, which vary with site, and allowed the relatively
inelastic stratum corneum to accommodate for deformation up to a limit (Schellander

and Headington 1974).

Ferguson and Barbenel (1981) investigated the relationship between surface patterns and
directional extensibility of skin. Surface impressions were taken using silicone rubber

before and during uniaxial extension while a suction device was employed to assess the
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extensibility and the anisotropic behaviour of cutaneous tissues. They demonstrated,
that the grooves and ridges within the surface where responsible for the functional
epidermis reserve that allowed the epidermis to stretch prior to stretching or disturbing
the epidermal cells. A relationship was found between skin extensibility and the degree

of folding of the epidermal surface.

Quan et al. (1997) applied measurement of skin surface roughness assessment in
addition to other techniques to differentiate between photodamage and ageing in human
skin non-invasively. Skin roughness impressions were made using silicon rubber and a
profilometer. A difference in skin roughness between young and old subjects and a
difference between sun-exposed and sun-protected sites in the older group was found,

with the increase in roughness related to chronological ageing.

2.1.2 In-vitro assessment of cutaneous structure and composition

Thickness measurements from fixed tissues were subject to errors from shrinkage and
distortion resulting from the fixing process. The conditions under which samples were
studied also influenced results, it was suggested that early measurements of skin

thickness were erroneously high (Kligman 1969 and Whitton 1973).

Light microscopy was used to measure thickness and changes due to age and pathology,
but the advent of electron microscope demoted the use of the former. Brown used
scanning electron microscopy (SEM) to study fibrous arrangement in human skin
(Brown 1971). Although SEM magnification (X100,000) was less than transmission
electron microscopy (TEM) (X1, 000,000), the ability to examine thicker specimens
~20pm compared to the 100nm used for the latter, and the relatively simple preparation
needed, allowed the study of fibrous arrangement in strained skin specimens. Brown
measured an increase in the size of reticular dermal fibers which was attributed to age.
Extending the skin resulted, in flatting the epithelial layer initially followed by epidermal
cell elongation and the straightening and later alignment of the dermal fibers. Quaglino
et al. (1996) examined the influence of age, sex and body region on various dermal
structures and reported a slow increase in the size of collagen bundles and loss in the

functional properties of elastin, due to an increase in fibers size with age.
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Acoustic microscopy was used in two modalities to examine tissues in vitro. In
transmission acoustic microscopy (TAM) an ultra thin sample was placed between two
transducers. Kolosov et al. (1987) who examined human skin and mouse liver, using
450MHz TAM, found the stratum corneum to be highly attenuating compared to the
malpighian layer, with a variation in attenuation in the dermis attributed to different
dermal components. Barr et al. (1991) examined different neoplastic and cutaneous
inflammatory tissue specimens using reflective acoustic microscopy at 600 and 800MHz
crystals, the ultrasound waves being reflected by a 6um sample. In the different types of
tumours studied, specific diagnosis was possible, inflammatory conditions were more

puzzling.

Light scattering was used to measure the size and orientation of collagen bundles
(Ferdman and Yannas 1993). Light passing through a narrow slit will undergo
diffraction. The narrower the width of the slit relative to the wavelength of light, the
wider the range of angles into which the light is diffracted. Helium neon laser was used
as the light source with the bundles of collagen acting like narrow slits scattering light
between 1° to 6°. Birefringence is another technique to examine collagen bundles
optically. It relies on shining polarised light on a thin sample of tissue, rotating the
sample through set stages and using image processing to estimate the orientation and

crimping of collagen bundles (Ho et al. 1996).

2.1.3 Non-invasive assessment of cutaneous structure and composition

Techniques such as soft tissue radiography (Meema et al. 1964), pulsed ultrasound
(Allexander and Miller 1979) and MRI (Querleux et al. 1988b) are non-invasive
methods of measuring thickness in vivo. Ultrasound backscatter microscope was able to
yield data on different cutaneous layers (Turnbull et al. 1995). Although ultrasound was
used to examine tissue structure and thickness, the ability to investigate the mechanical

behaviour of tissues is one of its potentials (Parker et al. 1989).

Shuster et al. (1975) used radiography and biochemistry to examine dermal thickness
and composition respectively, demonstrated a direct relationship between skin collagen

and dermal thickness, a reduction in collagen with age and reduced collagen quantities in
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females. The authors proposed that the variation in collagen density would limit the use

of dermal thickness as a measure of collagen content in diseases.

The first reported study on the use of ultrasound in measuring skin thickness was
published by Alexander and Miller (1979), which highlighted the simplicity as well as
inherent accuracy of the method. They compared A-scans with X-rays measurements of
skin and showed a very good correlation between the two methods. Tan et al. (1981 and
1982) examined the potential of using A-scan measurements to grade skin thinning
resulting from cortisteriod therapy, and found a good correlation between ultrasound
values and Xeroradiography. The studies also showed that age and sex affected skin. It
was found that ultrasound and radiographic measurements of thickness were lower than
values obtained with histology, which was attributed to the loss of skin tension in-vitro

(Tan et al. 1982).

Rukavina and Mohar (1979) reported the use of ultrasound imaging to study deep skin
tumours with the help of a commercial ophthalmic scanner, the results lead to the
development of B-scan imaging using a plastic film transducer. Miyauchi and Miki
(1983) identified the importance of such cutaneous acoustic parameters as velocity
before using ultrasound. Lawrence and Shuster (1985) compared ultrasound with
Harpenden callipers to measure skin thickness, and found that ultrasound yielded
consistently lower values. The higher values obtained by callipers were attributed to

subcutaneous fat not easily separated using the latter.

Serup (1984a, b, ¢, d, and €) studied changes in skin thickness in different skin disorders
using A-scan ultrasound at 15MHz. In the acrosclerosis study, he showed the
advantages of ultrasound for the measurement of skin-phalanx distance for diagnosis
(Serup 1984a). In patient with morphoea, measurements of the pigmented spot
thickness, with no sign of scleroderma, he demonstrated relative and absolute reductions
in values compared to control sites (Serup 1984b). In the sclerotic plaques, an increase
in thickness was found when compared to regional controls (Serup 1984c). Serup
studied allergic reaction (Patch-testing) using A-scans with laser Doppler flowmetry and
suggested that ultrasound could identify weak reaction as a relative increase in thickness

(Serup 1984d). The same author reported that using ultrasound to quantify the skin-prick
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histamine weals added an extra dimensional information especially in small and medium

size weals (Serup, 1984e).

Hoffmann et al. (1992a) studied malignant melanomas by assessing thickness and
density using 20MHz B-scan mode and compared values with histology. They reported
a significant correlation between the methods although ultrasound over-estimated the
thickness. This discrepancy was attributed to the presence of sub-tumour inflammatory
infiltrates and other hypo-echoic structures in the region of tumour. Edwards (1984)
described the construction of an ultrasonic instrument for the measurements of different
cutaneous layers thickness using A-scan and B-scan in his PhD thesis. He presented a
method for calculating acoustic impedance for stratum corneum and the epidermis from
the amplitude of the reflected echoes. Edwards proposed the method for initial
assessment as well as diseases progress. The same authors characterised skin tumours,
basal cell carcinoma (BCC), dermatofibromas and hypertrophic scars (fibrosis), moles,
and intraepidermal epitheliomas (IEE), using different A-scan parameters such as
amplitude, density, regularity of echoes, and amplitude of echoes beneath the tumour

(Edwards et al. 1989).

Querleux et al. (1988a) developed a 25MHz ultrasonic scanner, B-scan images were
produced later from A-scans that were digitised, processed, and stored in electronic
memory. With an axial resolution of less than 0.1lmm, they were able to identify
different parts of the dermis. Later they compared sonographic images with images
taken from a modified 0.1 Tesla MRI system (Querleux et al. 1988b), and concluded that
shorter acquisition times made ultrasound the better technique for localising different
skin components. Although, the authors favoured ultrasound as a technique for
investigating cutaneous structure and related changes, they identified MRI for

biochemical and physiological studies.

Richard et al. (1993) examined the water content of different skin components and the
effects of age using MRI. In both young and old subjects and within the sun-protected
area, different skin components could be differentiated, epidermal mobile water was
found to be at least twice as abundant as dermal mobile water. In the aged group, an
increase in the amount of total water content of the dermis was found and was related to

the increase in the mobile water of the upper dermis in elderly. Gniadecka and Quistroff
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(1996) assessed in-vivo dermal water using high-frequency ultrasound and MRI, a good
correlation between the two techniques was found in the forearm of healthy volunteers,

but higher values were obtained in the presence of histamine-weals using ultrasound

compared to MRL

Murakmi and Miki (1989) used 25MHz and 40MHz B-scanner to examine different skin
components. They identified the Malpighian layer of the epidermis as an echolucent
zone beneath a strongly echogenic linear corneo-malpighian junction in normal palms
and soles. Turnbell et al. (1995) used acoustic microscopy to examine the skin in vivo.
They demonstrated the ability to investigate not only skin tumours but non-malignant
cutaneous disorders as well. Ultrasound has also been used for monitoring and
investigating different wound healing models to measure wound thickness, re-

epithelialization, formation of granulation, and the rate of healing (Turnbell et al. 1995).

Goans et al. (1977) used 3MHz and 13MHz A-scans to measure burn depth in-vivo in
porcine skin immediately post burn and up to 14days later using 1720m/sec as the
velocity of ultrasound in porcine skin. From the A-scans, they could identify the
necrotic-viable tissue interface, which was confirmed by histology. They recommended
ultrasound for the determination of early excision and skin grafting of deep dermal and
full thickness burns (Goans et al. 1977). In an animal model, Brink et al. (1986)
examined the possibility of measuring burns depth in-vitro. The burn-adjacent tissues
interface could be identified, with a significant correlation between ultrasound
measurement and histology. In a human model, Pugliese et al. (1992) used punch
biopsy to create wounds in 15 volunteers, and calculated the volume of each wound
using wound depth, internal, and external diameter from ultrasound images. They
demonstrated the delay in wound healing in aged skin. Cryosurgery which is used for
the treatment of malignant epithelial tumours, was used as a model for wound healing
(Hoffmann et al. 1992b and 1993), with the ultrasound being used to calculate the
volume of the tumours, which was essential for determining the freezing temperature,

and number of freezing cycles.

Cutaneous changes occur with age and include thinning loss of elasticity, laxity and
pigmentation. Sonographic examination of the cutaneous tissue of the elderly, described

the presence of a sub-epidermal low echogenic band (De Rigal et al. 1989, Hoffmann et
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al. 1991, 1992a and Gniadecka et al. 1994d, 1994e). With age, an increase in the size of
the band, which was related partially to photoageing due to its prominent appearance in
the dorsal aspect of the forearm was found (De-Rigal et al. 1989). They suggested that
the presence of the band was due to the reduction of the sup-epidermal elastic plexus,
which caused fragmentation and clumping of fibers in the upper dermis. By relating low
echogenic pixels obtained from ultrasound images of the cutaneous tissues to the amount
of water present, Gniadecka et al. found an age-related diurnal change of the dermal

fluid content (Gniadecka et al. 1994d and 19%4e).

Oedema was demonstrated as an increase of the size of the subepidermal low echogenic
band in lipodermatosclerosis (Gniadecka 1995). This band expanded during the day, the
expansion was reversed with the application of leg compression. Gniadecka (1996) also
demonstrated that oedema was located in the upper dermis in the lipodermatosclerotic
skin, compared to lower dermis in cardiac insufficiency and a uniform dermal

distribution in lymphoedema.

2.2 Techniques available for measuring the mechanical properties of skin

Skin acts as a mechanical barrier between the interior of the body and the outside world,
but is required to glide and stretch during body movement and the resistance to
mechanical force is necessary. The skin exists under tension in the in-vivo environment
and the ability to resist mechanical forces is different between different sites and
direction and is found to be dependent on rate of loading. In addition, the return of skin

to a pre-strained position, after the removal of load is time dependent.

Different techniques were used to examine the cutaneous mechanical properties.
Principally, a load is applied to the skin and either the resistance or the cutaneous creep
or relaxation was measured. Cutaneous creep measures the change in length in response
to a pre-determined load and relaxation measures the load require to stretch skin to a

given length (Millington and Wilkinson 1983).

2.2.1 Indentation test
Spheres and flat discs were used as indentors to compress skin and either the force or
recovery time were measured and related to skin stiffness. Christensen et al. (1977) used

an indentor to measure the stiffness of skin, which was influenced by hydration. An
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indentor was used to examine skin hardness in scleroderma (Falanga 1995),
lipodermatosclerosis (Romanelli and Falanga 1995) and chronic venous insufficiency
(Le Blanc et al. 1997). 1In scleroderma and lipodermatosclerosis, results suggest a
relationship between the skin severity score and the hardness measurements (Falanga
1995, Romanelli and Falanga 1995). Whereas the presence of oedema in CVI, had no

significant effect on cutaneous hardness (Le Blanc et al. 1997).

2.2.2 Torsional test

The test involves the application of a torque parallel to the skin surface and measuring
the resultant deformation. This technique allows the quantification of several parameters
such as immediate extensibility and recovery, viscoelastic deformation, elastic recovery,
creep and relaxation time (Escoffier et al. 1989) but does not account for skin anisotropic

characteristics (Payne 1991).

Leveque et al. (1980) studied in-vivo, the effects of age and sex on skin extensibility
using a device to apply a torque. Results indicated a maximum skin thickness around
the age of forty, a decrease in extensibility with age, with female skin being less
extensibl‘e than that of males. Leveque’s results were in accord with the findings of
Quaglino et al. (1996), who used electron microscopy to evaluate the ultrastructure of
the dermis and observed a reduction in collagen with age, though sex difference were
minimal. De Rigal and Leveque (1985) used the same technique to measure stratum
corneum extensibility in vivo. They demonstrated an increase in skin extensibility with
hydration, attributed to an increase in stratum corneum contribution, with the effect of a

moisturiser on the cutaneous mechanical properties, being temporary.

Escoffier et al. (1989) using ultrasound and torsional force on the ventral forearm,
showed that skin maintained its thickness and extensibility up to the seventh decade as
opposed to its elasticity, which decreased from an early age. In addition skin thickness

was significantly different between sexes.

2.2.3 Suction test
The application of a negative pressure (suction) to create a central displacement is the
principle of the suction device. Both in-vitro and in-vivo biaxial measurements of skin

properties may be tested. Sample preparation and storage for in-vitro tests should be
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considered where skin specimens are likely to dehydrate at room temperature (Jansen
and Rottier 1958). The skin has a ‘'memory' for previous mechanical loading and so the
smallest possible forces should be used in excising the skin and removing the
subcutaneous fat. The inability of the suction cup tc identify or quantify anisotropy as
‘uniaxial extension resulted in the application of a pre-tensioning device which

eliminated skin tension in-vivo (Alexander and Cook 1977).

The shape of the skin under suction is dependent on the aperture geometry. With a
circular aperture; a spherical cap is produced (Cua et al. 1990). In vivo tensile testing
with the suction device demonstrated a marked age dependency as the magnitude of the
elasticity decreased with age (Gniadecka et al. 1994b, Cua et al. 1990 and Takema et al.
1994). Cua et al. (1990) attributed the change found with age to the alteration in the
elastic fiber network. Takema et al. (1994) investigated elastic properties and thickness
of human skin using suction and A-mode ultrasound. They reported a decrease in the
ventral aspect of the forearm skin thickness with age, by comparison a significant
increase was found in the skin over the forehead. In addition, skin elasticity was found
to decrease with age in both sites, as a result of chronological and photoageing.
Gniadecka et al. (1994b) reported an increase in elasticity around the ankle region in
young volunteers compared to aged controls. They argued that the presence of diurnal
variability in distensbility and elasticity in young persons only, suggests poor
compensation for gravitational stress in the elderly. Cua et al. (1990) highlighted the
variability in elastic properties between different body regions using suction. However,
the difference between the sexes were not statistically significant for most regions (Cua,

1990).

The possibility of visualising tissue displacement with suction was examined by
Diridollou et al. (1998), the system comprised a suction device built within an ultrasound
scanner. With suction, fluid filtration was found in the subcutaneous area. This was
suggested to contribute to the loss of skin recovery when returned to atmospheric
pressure and confirmed the non-elastic nature of the skin. They concluded that the major

contributor, in the case of suction, to the cutaneous resistance is the dermis.
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2.2.4 Tissue elastography
Sonoelastography is a technique based on the principle that by exciting an object with a
known vibration, structures with different stiffness within the object will respond with
different motion based on their shape, homogeneity and density (Parker et al. 1989).
These motions are displayed as a map of relative stiffness of the imaged area. The
technique, which is in its infancy, has the potential to detect early changes in tissue
observed in tumour development (Varghese and Ophir 1998a and 1998b, Kallel et al.
1998).

2.2.5 Extension test

Uniaxial and biaxial measurements of skin may be performed in-vitro or in-vivo. This
test requires specimen to be longer than the grips of the tester for uniaxial tests and the
reverse for biaxial tests. For in-vitro studies and as in the suction test, conditions under
which measurements are taken should always be stated, since similar difficulties of
specimen collection, storage, and preparation are encountered in this form of testing, as
this would affect the measured properties. Results obtained from in-vitro tests are not
comparable with in-vivo measurements, since excised skin is no longer in the same state
of tension, nor is it affected by the presence of interstitial fluids or the attachment to the

underlying tissue.

However, Vlasblom (1967) showed that for small deformations in the plane of the skin
in-vivo, the contribution of the subcutaneous tissue is relatively unimportant. Thus,
uniaxial and torsional measurements may be considered to determine these properties of
the dermis. Factors affecting tests in-vivo, include the attachment area, type of adhesion,
force applied on the skin by the instrument weight, body position, skin anisotropy and

most importantly, the device should not cause discomfort or permanent damage.

Kenedi (1964), Forrester et al. (1969) and Daly and Odland (1979) described three
regions in a non-linear stress-strain curve obtained from an in-vitro uniaxial skin
extension. Daly and Odland (1979) proposed that, the three different phases were
related with the alignment of different fibers. The first phase was associated with a very
large strain at low stress, controlled by the fine network of elastin fibers in the dermis.
An intermediate region (second phase) was thought to arise from the random network of

collagen fibers beginning to align in the direction of the applied stress. In the third
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phase, all the fibers were involved but little deformation occurred. The age related
changes did not present themselves in the dermal collagen fibers stiffness (third phase)

but in the loss of elasticity (first phase).

In a study of the mechanical properties of both human and rabbit cutaneous tissues in-
vitro, Pan et al. (1998) examined changes in the acoustic properties induced with the
application of transverse stress. While both cutaneous creep and stress relaxation
processes were classified as logarithmic function, Young’s modulus was found to
increase logarithmically with strain and linearly with stress. The ultrasonic attenuation
coefficient decreased with an increase in strain, leading to an improved penetration and
signal strength observed in B-scan. A significant increase in the backscatter coefficient
as a function of strain was only observed at 30MHz, such findings suggested that the
reorganisation of cutaneous fibers may occur at a scale smaller than the ultrasound
wavelength used. No change in the speed of sound with increasing strain was observed,

although it demonstrated a tendency to increase with age.

Gunner et al. (1979) demonstrated using uniaxial extension, a difference in thickness and
extensibility between normal skin and skin with severe atrophy consequent to steroid
therapy. The effect of Prednisolone on skin extensibility was found to be non-significant
whereas. Whereas preliminary results had demonstrated that photochemotherapy with
long-wave ultraviolet radiation for psoriasis treatment showed trends of decreased
extensibility (Gunner et al. 1981). Mourad et al. (1988) investigated cutaneous
mechanical properties in the gravitational syndrome using a modified version of the
Gunner extensometer. They characterised the extension phase with two parameters, a
non-time dependent extension force (Fe) and time dependent extension force (Fv). Fv
exhibited a statistical significance attributable to the change in skin stiffness consequent
to pathological changes. During the relaxation phase, a statistical significance was
present in the time constant of the time dependent force between the groups, and a good

correlation with the clinical index for disease severity.

Quan et al. (1997) used uniaxial extensometry, ultrasound and skin surface roughness in
addition to clinical and histological assessments to differentiate between photodamage
and chronological ageing. A decrease in skin thickness was found in the elderly

compared to young group. The loss of skin elasticity was related to photodamage more
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than chronological damage, the difference between the elderly and the young group was
statistically significant in both sun-exposed and sun-protected sites (Quan et al. 1997).

2.3 Techniques available for measuring the skin microcirculation

In patients with CV], oedema forms as a result of the disturbance in the Starling
equilibrium, which effects filtration, and absorption in the microcirculation. Direct
measurements of cutaneous blood flow include radioactive techniques through to
measurements of reflected laser light using the Doppler principle. Indirect techniques

measure changes in the filtration rate.

2.3.1 Radioisotope studies

Radioisotope clearance measurements of cutaneous blood flow are done by injecting a
bolus of isotonic saline labelled with radioactive substances usually Xenon (Xe'),
Todine (I'®) or Technetium (Tc™™) dermally and studying its uptake by blood. The
exponential decay (clearance) of the radioactivity from the site or organ is measured by
either a scintillating counter or a gamma camera and is an accurate measure of local
blood flow (Sejrsen 1968). The technique was used to study subcutaneous blood flow in
both extremities during positional changes and exercise (Nielsen et al. 1988). A
reduction in the flow in both extremities was found when the head was tilted up while
the body remained in the supine position, while leg exercise at nearly erect position
increased the flow within the lower extremity. In addition, a vasodilatory response was
noted in the thigh and calf region in response to the change in metabolic rate. Bendtsen
et al (1992) devised a miniature silicon diode matrix detector capable of detecting not
only low Gamma energy but as well, X-ray radiation, for the measurements of cutaneous
washout of Xe'®. The increased sensitivity and the ability to detect geometry changes,
was suggested to be an advantage during exercise, where motion artefacts increase. This
method is quantitative but with hazards from radiation. In addition, serial or repeated

tests are rarely possible.

2.3.2 Capillaroscopy and fluorescence videomicroscopy

Capillary microscopy uses a low magnification microscope attached to a video camera to
visualise blood flow in the dermal capillaries (Fagrell et al. 1977). The advancement in
the optical field lead to the introduction of fiberoptic video microscopy to evaluate

cutaneous capillaries, through the use of optical sensors attached by a flexible fiberoptic
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system connected to a TV monitor (Thulesius 1992). Tooke et al. (1983) measured
blood flow in the nailfold area and reported a positive correlation between capillary
blood cell velocity and laser Doppler output. But the presence of a reduced fall in laser
Doppler output after venous occlusion compared to capillary blood cell velocity resulted
in the authors suggesting the ability of the laser Doppler to measure blood flow in deeper

vessels.

The intravenous injection of a fluorescent dye, Na-fluorescein, provided a method to
quantify transcapillary and interstitial diffusion and to depict lymphatic microvessels.
However, an anaphylactic reaction after dye injection limited its uses in human studies
(Bollinger 1986) Although capillaroscopy provided a non-invasive assessment of
individual capillaries, it required total immobilisation of the measured site and proved to

be time consuming, minimising its use.

In chronic venous insufficiency a reduction in capillary density was suggested to
contribute to the pathogenesis of leg ulceration (Allen et al. 1988). Variations in
capillary density found within the ulcer area and adjacent tissues were suggested to
reflect the state of tissue healing (Gschwandtner et al. 1999). As low capillary density
was found in the in non-granulating areas compared to areas with granulation, and the
presence of higher number of capillaries in non-ulcerated skin both adjacent and distant

10 the ulcer.

2.3.3 Plethysmography

Plethysmography detects the change in the dimension of the limb induced by the change
in vascular volume. A variety of transducers have been used to detect such changes
including mercury strain-gauge (MSG), photoplethysmography (PPG), phleborheograph
(PRG), water and air plethysmography.

MSG was used to measure temporal changes in circumference in response to smali stepped
changes in applied pressure (Michel and Moyses 1987 and Gamble et al. 1992 and 1993).
Changes in vascular compliance occur first and are distinguishable from a slower change
attributed to tissue compliance. Mason and Giron (1982) measuring calf volume changes
during treadmill exercise found less reduction in leg volume in patients with moderate-to-

severe obstructive venous outflow compared to patients with minimal or no obstruction.
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When the technique was applied during exercise and with elevation with and without
occlusion, a good correlation with invasive ambulatory venous pressure and with ascending
and retrograde venography was found (Schanzer et al. 1984). Roberts et al. (1986) assessed
the reproducibility of the technique in volunteers at rest and after exercise, and suggested
the ability of the technique to monitor pathological changes through serial measurements.
An increase in capillary filtration and calf blood flow were found in the presence of deep
venous thrombosis, attributed to the presence of a local inflammation process which was
suggested to over-rule the increase in venous pressure and contribute to oedema formation
(Seem and Stranden 1990). When the effect of long term bed rest , 42 days 6° head-down,
on venous hemodynamics was assessed in controls using MSG with venous occlusion,
alteration in the leg vascular compliance was found as a result of impairment of venous

emptying capacities and arterial flow (Louisy et al. 1997).

Photoplethysmography is an optical technique that relies on detecting the backscattered or
reflected light to measure instantaneous changes in the blood supply to the skin (Hertzman
1938). PPG and PRG record the changes in blood volume but not the outflow when
multiple pneumatic cuffs are placed on the thigh, calf and foot. Limb volume fluctuations
are recorded during respiration and during compression of the foot or calf. In the presence
of venous thrombus, limb volume did not decrease significantly distal to pneumatic

compression (Barnes 1982).

Water displacement plethysmography was used to demonstrate an increase in foot swelling
after eight hours of sitting (Noddeland and Winkle 1988). Although the increase was
present in both active and immobilised foot, the rate of swelling was significantly higher in
the inactive foot. Whereas Mowbray (1989), found a reduction in leg volume in both
controls and patients with CVI after elevation associated with a decreasing trend of TcPO,

and increasing trend in blood flow.

Impairment in the venous hemodynamics, which manifests itself as an increase in venous
filling index and the residual volume fraction in addition to a reduction in the ejection
fraction, was found in acute lipodermatosclerosis (Greenberg et al. 1996). Results
suggested that both chronic and acute lipodermatosclerosis had an underlying venous
pathology. Van-Geest et al. (1998) using air plethysmography found a reduction in

capillary filtration rate, 6 weeks after stripping the greater saphenous vein due to
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insufficiency. The reduction in the filtration rate was suggested to reflect an improvement
in the microcirculation. When the effect of lymphoedema on venous dynamics was
examined, Kim et al. (1999) found an increase in the ambulatory venous pressure, venous
volume and venous filling index and a decrease in ejection fraction in the affected leg. The
change in the venous return, in lymphoedema was suggested to aggravate soft tissue
oedema. Yang et al. (1999) found an improvement in the calf muscle pump function with
exercises in patients with CVI demonstrated as an increase in the ejection fraction and a

decrease in residual fraction despite the absence of changes in venous reflux.

2.3.4 Laser Doppler flowmetry (LDF)

A laser light is delivered to the skin and the backscatter is returned to a detector by optical
fibers. Light reflected from RBC, which is Doppler shifted, is detected and processed to
give an output in millivolts or arbitrary units which is linearly proportional to RBC flux.
The RBC flux is related to the product of average speed and concentration of moving red
blood cells in the tissue sample volume. Laser Doppler flowmetry is an established
technique, used to examine changes in the cutaneous dermatology (Hughes et al. 1987) and

pharmacology (Murrell and Taylor 1959).

The major drawback of the LDF is the variation in the RBC flux from comparable sites
between individuals, from different sites in the same individual, and even from the same site
in the same individual at intervals of hours, days, and weeks (Tenland et al. 1983). Other
factors influencing measurements include skin temperature, mental activity and

psychological state (Berardesca et al. 1991).

Braverman et al. (1990) investigated the effect of the probe position on the RBC flux and
the flux wave pattern and found a correlation of these two elements with the type of
microvascular element beneath the probe. High flux pulsatile patterns were found at areas
with ascending elastic arterioles and their immediate branches in the centre. Low flux with
pulsatile flow patterns with minimal or no vasomotor activity at areas above the edge of an
elastic arteriole and low flux with a non pulsatile pattern at areas composed of primarily
capillaries and post-capillary venules. Tooke et al. (1983) assessed human skin circulation
at rest, following the release of arterial occlusion and during venous occlusion using LDF
and dynamic capillaroscopy. Results displayed certain significant differences despite broad

comparability in the pattern of responses recorded by the two techniques. These differences
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were related to the ability of the LDF to record blood flow in deeper blood vessels as well

as to the superficial nutritional capillaries.

Hughes et al. (1987) compared point thermometry, LDF and ultrasound Doppler against
biopsy to determine the malignant nature of the cutaneous lesions. They demonstrated a

significant difference in blood flow measured with LDF, between benign and malignant

lesions.

Hassan et al. (1986a, 1986b, 1988 and 1990) used LDF to investigate the postural
vasoconstrictive response in the human foot studying the effects of such stimuli as indirect
heat, combined oral contraceptive and the menstrual cycle on the response. They proposed
that the response is triggered by a local neurogenic mechanism with some contribution from
a local myogenic response, in addition to a centrally elicited sympathetic component
(Hassan et al. 1988). A diminished response in the feet of volunteers was found with
indirect heating, combined oral contraceptive and during the luteal phase of the menstrual
cycle. Tt was suggested that indirect heat resulted in the partial release of sympathetic
vasoconstrictor tone, which over-rode the postural control of vascular tone. This response
was reported to be diminished in patients with CVI (Allen et al. 1988 and Gniadecka et al.
1991) and in the elderly controls (Gniadecka et al. 1994a). It was proposed that this

impairment would predispose oedema formation.

Sindrup et al. (1987) showed a significant increase in LDF flux in skin surrounding venous
leg ulcers. An abolished response and preserved vasomotion was found in patients with
sickle cell anaemia, which prevented infarction by allowing the passage of stiff sickle RBC
(Gniadecka et al. 1994¢c). Measurements of reactive hyperaemia following a certain period
off arterial occlusion, was used to distinguishing between patients with peripheral arterial

obliterative disease and controls (Kvernebo et al. 1989).

The laser Doppler imager permits microcirculatory flow studies without physical contact
with tissues and sampling larger areas. The technique has a potential in burn depth
assessment (Niazi et al. 1993) and in the studies of cutaneous allergic reaction and
inflammation (Clough and Church 1997). Despite the variation in the LDF flux within and
between individuals effecting its reproducibility, the technique offers a simple approach to

measure capillary blood flow. Minimal patient preparation and the absence of side effects
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are some of the advantages that resulted in the popularity of the technique for measuring

cutaneous blood flow.

Although this section is devoted to laser Doppler flowmetry, the use of ultrasound for the
measurements of microcirculation, which is still in its infancy, will be briefly mentioned.
Christopher et al. (1996 and 1997) devised a continuous-wave 40MHz ultrasound Doppler
system for the measurements of cutaneous blood velocity and later a pulsed-wave S0MHz

Duplex ultrasound system was capable of detecting blood flow of 5mm/s in arterioles and

venules.

2.4 Measurements of transcutaneous oxygen tension (TcPOy)

Oxygen diffuses out of the cutaneous capillaries into the interstitial space and surrounding
skin cells. Some of this oxygen undergoes cellular metabolism, while the rest is distributed
throughout the skin, which gives rise to a  cutaneous oxygen tension” (Rooke 1992).

The amount of oxygen that reaches the surface of skin reflects the difference between
oxygen delivery from blood capillaries and consumption. Skin surface measurements of
oxygen, transcutaneous oxygen tension (TcPO;) is measured using a modified Clarke
electrode. The sensors detect a current generated at the cathode consequent to the
breakdown of free oxygen molecules during chemical interaction with hydroxyl ions in an

aqueous electrolyte (Huch et al. 1973).

TcPO, was used to assess the severity of peripheral arterial disease (Batay-Csorba et al
1987). In patients with claudication, TcPO, was low and severely decreased in patients with
ischemia at rest compared to normal extremities (Ohge et al. 1981). Predicting tissue
viability was another clinical application of TcPO,. The ability to predict flap viability and
amputation level is established as TcPo, above 40mmHg predicts healing and viability
(Rooke 1992). In the presence of venous ulcer, TcPo; at the ulcer edge was low compared
to identical sites on controls (Mani et al. 1989), an increase in TcPo, was found with the
ulcer in the healing phase (Klori et al. 1988). Mani (1995) proposed that, there could be a
resistance to oxygen diffusion in patients with CVI and oedema may be “a resistive
element”. Mani’s suggestion was based on the increase in TcPO, when oedema is removed

from ulcerated leg by bandaging or elevation.
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2.5 Transepidermal water loss (TWL)

The stratum corneum acts as a water store, water enters by absorption from the environment
which is related directly to ambient relative humidity, by diffusion from the dermis and by
lateral movements from the helically coiled distal tubules of sweat glands (Steinmetz and
Adams 1981). In the absence of profuse sweating and high humidity, TWL refers to the
rate at which water migrates from the viable dermal tissues through the layers of stratum
corneum to the external environment (Miller et al. 1981). This approach was used to study
causes of dry skin (Cardillo and Morganti 1994), the restoration of barrier function in
wounded skin (Malten and Thiele 1973) and in the evaluating of occlusive properties of

topical preparation (Berube and Berdick 1974).

Direct measurements of TWL involve the use of flow hygrometry, to measure the water
vapour concentration over a fixed area of skin in the presence of a flowing gas stream (Aly
et al. 1978). Other indirect method involves measuring the relative change in the amount of
water vapour in a defined volume of air, in contact with a fixed area of skin (Miller et al
1981). Water is present in the skin in two states: either as ‘free” water (available to dissolve
electrolytes), which accounts for about 20% of the water in the skin or ‘bound’ water (not
available to dissolve electrolytes), which accounts for 80% of the total water stored (Yates

1971).

2.6 Techniques used in this thesis
From the study of the literature presented above, it was apparent that oedema increased
tissue pressure, which in turn might affect the elasto-mechanical properties of skin. The

effects of unrelieved oedema on tissue perfusion were not clear.

To examine changes in the cutaneous elasto-mechanical properties, durometry and
extensometry were selected. The presence of oedema introduces change in cutaneous
properties such as hardness, described clinically as induration. The durometer is a non-
invasive and non-destructive technique used to measure hardness of a sample and the
instrument will be used in this thesis to examine changes in cutaneous hardness associated

with the presence of oedema.

With the presence of excess fluid in tissue, changes in cutaneous viscoelasticity occur.

Cutaneous viscoelasticity is dependent on composition and thickness, both thought to be
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affected by the presence of oedema, being clinically manifested as an increase in thickness
and induration. Uniaxail extensometry is a non-invasive technique capable of measuring

skin extensibility and relaxation, both related to viscoelasticity.

It was suggested that in CVIL, cutaneous oedema occur as a result of disturbances in the
macrocirculation and the microcirculation environments (Burnand et al. 1981 and Mourad
et al. 1989). The increase in capillary numbers and permeability found in CVI would
aggravate oedema presence, but seems unable to promote ulcer healing and suggest some
deficiency in tissue perfusion (Sindrup et al. 1987). From the different techniques available
to examine the cutaneous microcirculation, laser Doppler flowmetry was selected to be used
in this thesis, the technique will examine the microcirculation during the application of a
minor stimulus (cutaneous stretching with the extensometer) and to study the postural
vasoconstrictive response. The advantages of the technique lay in the ability to use the LDF
during uniaxial extensometry and to monitor a specific region of interest during and after

movement (passive leg lowering)., in addition to the minimum patient preparation required.

The techniques used to examine the mechanical properties of skin and its microcirculation
were selected for their availability and non-invasiveness. The reproducibility studies and
the measurement protocols are described in the succeeding chapter. All work reported on

controls and patients were done after obtaining prior Ethics approval, and informed consent.
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Chapter Three: Techniques and the measurement protocol used in this thesis

3.1 Durometry: Assessment of skin hardness

3.1.1 Equipment

Durometers are used in the non-destructive hardness measurement of rubber, plastic and
other non-metallic materials. A durometer, Model 1600, type 00 (Rex Gauge company,
IL) was used for the measurement of skin hardness. The 1600 model has a spring-
loaded indentor and a circular dial, type 00 is recommended for use with light foams,
sponge rubber gels and animal tissues. Its 35mm diameter foot-plate provides a large
contact area. A standard 226gm weight was used to apply a constant load. The total
weight of the instrument including the standard weight used was 416gm. A rubber block

was used to check the calibration of the durometer before use. Figure 3.1 shows this

durometer.

Figure 3.1 The durometer, Rex Gauge company ', Model 1600, type 00 was used for
skin hardness measurements. The foot-plate and standard weight were used to improve
repeatability of the measurements. The blue rubber block was used as a reference for the
calibration.

The force (Newtons) required to indent the skin using the durometer was calculated

using equation 3.1 supplied by the manufacturer for type 00 durometer (Appendix 1).

Force (N) = 0.203 + 0.00908H ) .cecurrmerrssermssmeenensesenee Equation 3.1

Where Hjpp =hardness reading on type 00 durometer






